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Fire, Drought and Floods: An investigation into the evolution and palaeo-
environments of Thirlmere Lakes, NSW 
Abstract 
Long records of climate variability which extend beyond the Last Glacial Maximum (LGM) are rare in 
Australia. However, the nature of lacustrine settings as sedimentary sinks often provide excellent archives 
of environmental and climatic variability over long time scales. Thirlmere Lakes are a sequence of five 
freshwater lakes within the Greater Blue Mountains World Heritage area of NSW and are situated in a 
meander channel of a palaeo-river. The unusual geomorphic setting of the lakes has produced a deep 
archive of sediment and provides a long record of climate variability extending beyond the LGM. The 
Thirlmere Lakes have also undergone an observable drying trend since the 1970's. The reduction in lake 
level poses the question as to whether the drying is part of natural hydrological variability or 
unprecedented water loss. 
This study presents a ~100ka long palaeo-environmental interpretation of Lake Werri Berri, the largest of 
the Thirlmere Lakes, and compares it to available records for the wider lake system. A focus of this study 
is to investigate whether drying observed at the lakes is unique or if similar episodes have occurred in the 
past. It also examines how environmental archives are produced at Thirlmere Lakes, from the catchment 
(ridge crest and hillslope) to the sink (lake floor). Stratigraphic and elemental analysis from four lake 
cores and two hillslope cores indicates Lake Werri Berri has undergone substantial hydrological variability 
in the past. The results demonstrate for the first time that a distinct drying phase during the LGM was 
found to occur across Lake Werri Berri and the adjacent lakes. XRD analysis shows sediment deposited 
during this phase has a different minerogenic signature to other lake sediments and suggests a change in 
the source of material entering the lake at this time. An investigation of organic material (in particular 
charcoal) show down-profile and down-slope buffers in the supply of charcoal to the sink with sediment 
being temporarily stored on the lower hillslopes and sporadically liberated during periods of high wildfire 
and storm activity. This study shows that charcoal delivery processes therefore need to be considered 
when interpreting charcoal records. This study extends the knowledge of palaeo-environmental and 
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Long records of climate variability which extend beyond the Last Glacial Maximum (LGM) are 
rare in Australia.  However, the nature of lacustrine settings as sedimentary sinks often 
provide excellent archives of environmental and climatic variability over long time scales. 
Thirlmere Lakes are a sequence of five freshwater lakes within the Greater Blue Mountains 
World Heritage area of NSW and are situated in a meander channel of a palaeo-river.  The 
unusual geomorphic setting of the lakes has produced a deep archive of sediment and 
provides a long record of climate variability extending beyond the LGM.  The Thirlmere Lakes 
have also undergone an observable drying trend since the 1970's.  The reduction in lake level 
poses the question as to whether the drying is part of natural hydrological variability or 
unprecedented water loss.  
This study presents a ~100ka long palaeo-environmental interpretation of Lake Werri Berri, 
the largest of the Thirlmere Lakes, and compares it to available records for the wider lake 
system.  A focus of this study is to investigate whether drying observed at the lakes is unique 
or if similar episodes have occurred in the past.  It also examines how environmental archives 
are produced at Thirlmere Lakes, from the catchment (ridge crest and hillslope) to the sink 
(lake floor).  Stratigraphic and elemental analysis from four lake cores and two hillslope cores 
indicates Lake Werri Berri has undergone substantial hydrological variability in the past.  The 
results demonstrate for the first time that a distinct drying phase during the LGM was found 
to occur across Lake Werri Berri and the adjacent lakes.  XRD analysis shows sediment 
deposited during this phase has a different minerogenic signature to other lake sediments 
and suggests a change in the source of material entering the lake at this time.  An investigation 
of organic material (in particular charcoal) show down-profile and down-slope buffers in the 
supply of charcoal to the sink with sediment being temporarily stored on the lower hillslopes 
and sporadically liberated during periods of high wildfire and storm activity.  This study shows 
that charcoal delivery processes therefore need to be considered when interpreting charcoal 
records.  This study extends the knowledge of palaeo-environmental and climatic changes 
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Thirlmere Lakes are a sequence of five freshwater lakes within the Greater Blue Mountains 
World Heritage area and are situated in a meander channel of a palaeo-river (Black et al. 
2006). Tectonic uplift associated with the formation of the Lapstone Monocline 
approximately 15 million years ago is suggested to have cut-off the river, leaving behind a 
deeply incised channel in which the lakes have formed (Fanning 1982). Extensive 
sedimentation of the resultant lakes has occurred, with significant amounts of locally derived 
material being deposited (Fanning 1982).  
Deposition of sediments in lacustrine environments provide a range of palaeo-environmental 
proxies which can be used to infer past climatic conditions (Barr et al. 2014).  Combined with 
the generally homogeneous lithology and temporal stability over the last 15 Ma, the 
Thirlmere Lakes represent a potentially long climate archive and a microcosm of hillslope and 
lacustrine processes in Southeast Australia over the Holocene to Late Pleistocene. (Black et 
al. 2006). This also provides an interesting and useful context for potential frequency of 
droughts in the Sydney basin, Australia’s most populated city.   
The Thirlmere Lakes have also undergone an observable drying trend with an approximately 
5-6m reduction in water level since the 1970's (Pells 2011). Four of the five lakes in the system 
are now completely dry, which is of substantial concern to the community. The reduction in 
lake level presents the question as to whether the drying is part of natural hydrological 
variability or unprecedented water loss. The Lakes are within a World Heritage area and 
ecologically significant.  
This project will contribute to the Thirlmere Lakes Research Program, a multi-institutional 
research program involving ANSTO and funded through the NSW Office of Environment and 
Heritage with the aim of investigating the hydrodynamics and long-term history of the 






Lake Werri Berri is the largest of the lakes but has the smallest catchment area in the 
Thirlmere Lake system.  It is also the least explored, with no subsurface investigations being 
undertaken prior to this work. Within the context of the current community concern 
regarding the drying of Thirlmere Lakes this study aims to examine the following questions.  
(1) Investigate the palaeo-environment of Lake Werri Berri with a focus on whether the 
recent drying at the lakes is unprecedented or if similar episodes have occurred in 
the past.  How does this compare to other lakes, both in the system and, more 
broadly, in Southeast Australia? 
This will be addressed through the following objectives.  
• Infer environmental conditions and variation in moisture regimes at the lakes over 
the Holocene to late Pleistocene 
• Compare the inferred environmental conditions of Werri Berri to other lakes in the 
system (i.e. Couridjah and Baraba) in terms of; stratigraphy, chronology, and 
charcoal record.  
• Compare the inferred environmental conditions of Werri Berri to other lakes in 
Southeast Australia. 
(2) How are environmental archives produced in Thirlmere Lakes? Is there variability in 
sediment characteristics within the catchment from the source (ridge crest and hillslope) 
to the sink (lake floor)? Do such archives record a history of fire and Late Quaternary 
climate change? 
The objectives of this second aim are the following.   
• Investigate the mineralogical, elemental and isotopic fate of material on route from 
the rock to lacustrine sediment.  
• Look at variations in sedimentology and biogenic inputs (charcoal and stable 
isotopes) from source to sink using an approach that focuses on sites located at the 
headwaters, mid-catchment and sink.  
• Use charcoal evidence at Thirlmere to inform both the interpretation of past climate 




1.3 Thesis Outline 
Chapter 2 comprises a review of previous research, further illustrating the significance of 
Thirlmere Lakes in understanding the palaeo-environmental changes in Southeast Australia. 
In addition, it evaluates commonly used proxies in lacustrine research. The regional setting of 
Thirlmere Lakes, specifically Lake Werri Berri, will be outlined in Chapter 3.   
The various methods used in this study will be described in Chapter 4, while Chapter 5 
presents the results of the study.  
Chapter 6 interprets the produced results and discusses the findings in the context of the 
Thirlmere Lakes system and more broadly to Southeast Australian climate.  Chapter 7 
provides a conclusion to the study and outlines the limitations and recommendations for 




2 Literature Review 
2.1 Introduction 
This chapter is divided in three parts. Firstly, a broad outline of concepts in lake 
geomorphology and sedimentology is given and their importance as tools for palaeo-
environmental reconstructions is described.  In addition, this paper reviews the utility and 
specific methods for charcoal analysis as an indicator of fire history and erosion.  Finally, this 
chapter presents an overview of palaeoclimate in Southeast Australia through the Late 
Quaternary to provide a regional context for this study.  
2.2 Palaeoenvironmental Reconstruction in Lake Settings 
2.2.1 Lake Geomorphology 
The geomorphology of a lake system can be defined by its surrounding environment.  
Dominant environmental characteristics often demarcate the classification of a lake, based 
on the primary process responsible for its formation.  Timms (1992) presents a classification 
of Australian lakes into eight categories based on the dominant mode of formation or 
characteristic.  These are; glacial lakes, volcanic crater (Maar) lakes, coastal lagoons, coast 
dune lakes, tectonic lakes, fluvial lakes, solution (sink-hole) lakes and dammed or landslide 
induced lakes.  Chang et al. (2014) take this classification further and add upland lagoons as 
an additional category to encompass shallow tableland lakes which are prevalent in the 
upland regions of Southeast Australia.  
The Australian mainland has few permanent freshwater lakes relative to other continental 
land masses.  This is generally attributed to both the low mean relief of the continent, 
predominantly arid climate and limited past glaciation (Bridgman and Timms 2012; Chang et 
al. 2014).  The majority of Australian lakes tends to be shallow and ephemeral, often 
becoming completely dry during periods of drought or low rainfall.  Despite the scarcity of 
freshwater lakes in Australia, lacustrine environments in Southeast Australia have been 
recognised for their long palaeo-environmental archives and several have been extensively 





2.2.2 Lakes as Palaeo-Environmental Archives 
The deposition and storage of material within lacustrine environments can provide numerous 
indicators of paleo-environmental conditions and change.  As lakes generally occur at the 
terminus of a catchment, they represent a long-term archive of palaeoclimate information 
which can be explored using numerous indirect (proxy) measures.   
Lake sediments can be broadly classified into two components both providing a catalogue of 
useful palaeoclimatic and palaeo-environmental reconstruction proxies.  Autochthonous 
material originates within the lake and includes biogenic material derived from organisms 
living in the lacustrine system (i.e. algae or aquatic invertebrates).  Autochthonous material 
also includes the derivatives of biotic and abiotic chemical precipitates such as calcium 
carbonate (Cohen 2003) (Figure 2.1).  Allochthonous material originates outside of the lake 
and encompasses fluvial or aeolian clastic sediment, terrestrial macrofossils, phytoliths, 




Figure 2.1 Schematic catchment figure showing inputs into lacustrine systems (Adapted from 





2.2.3 Lake Sedimentology 
Lakes generally accumulate sediment over time.  The sedimentation rate within a lake is 
regulated by lake morphology, catchment geomorphology and climate.  Terrigenous 
sediment derived from the catchment can be transported to the lake via tributary or overland 
inflows.  As allochthonous sediment is delivered to a lake, the decrease in transport energy 
results in larger, heavier material being deposited close to the lake shoreline. Smaller, lighter 
particles remain in suspension longer and accumulate towards the lake centre where 
transport energy is lowest (Schillereff et al. 2014).  During periods of low lake level, coarse 
material can be deposited closer to the lake centre as the point of reduced transport energy 
has shifted inwards with the lower shoreline.  Often, the spatial distribution of differing 
sediment sizes in lacustrine environments can be used as a proxy for variation in lake margins 
and therefore hydrological conditions (Vorst 1974; Schillereff et al. 2014; Henderson-
Matuschka 2018).  
However, this does not occur in all circumstances.  Where the lake is very shallow, narrow or 
surrounded by dense littoral vegetation, the transport energy gradient can be altered.  In very 
shallow or narrow lakes, transport energy may remain sufficiently high as to deliver coarse 
material further towards the lake centre complicating the interpretation of past shoreline 
position (Bengtsson 2012).  This can also occur as a result of episodic events such as landslides, 
debris flows or post-fire erosion which can deliver a pulse of poorly sorted material to the 
lake (Schillereff et al. 2014).  Dense littoral vegetation on the lake margin can act as a barrier 
to incoming, fluvially transported material.  This has the effect of reducing transport energy 
sooner as well as trapping sediment before it can be transported further into the lake.  The 
biotic and abiotic characteristics of a lake must be considered when making 





2.2.4 Peat Forming Environments: Peatlands and Upland Swamps  
Formation of peat occurs where accumulation of organic material exceeds the rate of 
decomposition.  While not ubiquitous with lacustrine settings, peat often forms in shallow 
basins as a result of discontinuous drainage and permanent water logging.  The resultant 
anaerobic environment prevents biogenic and chemical decomposition allowing organic 
material to accumulate over time (Pemberton 2005).   
 
Water depth is also a primary factor controlling peat formation.  A requirement for peat 
accumulation is a source of autochthonous organic material such as aquatic, semi-aquatic and 
littoral vegetation.  Water depth must therefore be sufficiently shallow to promote the 
growth of these peat forming plant communities (Swanson 2007).   
While formation of peat is more closely related to peatlands, some shallow lacustrine 
environments, such as Thirlmere Lakes, contain ideal peat-forming conditions and exist 
between a lake and a peatland.  The majority of modern peatlands in Southeast Australia have 
formed following the increased precipitation and climatic amelioration at the beginning of 
the Holocene (Pemberton 2005; Jenkins and Frazier 2010).  The Thirlmere Lakes system 
follows this trend with several studies demonstrating peat accumulation occurred during the 




2.2.5 Reconstructing Palaeo-Environments through geochemistry 
Palaeoenvironmental change in lake records is often derived using a range of proxies including 
geochemical and biological indicators (Bradley 2015).  This section provides a brief outline of 
the proxy methods appropriate to lacustrine environments. 
Changes in stable isotope composition (e.g. δ13C and δ15N) can be used as a proxy for past 
in-lake and catchment vegetation type and therefore climatic conditions.  Values in the range 
of -24‰ to -35‰ δ13C indicate the C3-photosynthetic pathway which is commonly used by 
woody vegetation and aquatic plants (Lamb et al. 2005).  Vegetation with the 
C4-photosynthetic pathway, which is ubiquitous in angiosperms and grasses (Lamb et al. 
2005), is reflected by values between -6‰ and -19‰ δ13C.  The prevalence of either C3 or C4 
plants can be an indicator of climatic conditions with C3 plants more likely in cool and wet 
periods and C4 during phases of warm and dry conditions (Lamb et al. 2005).  δ15N values are 
also commonly used to infer species composition, nutrient availability and nitrogen fixation 
(Leng et al. 2006). 
The ‘semi-quantitative’ elemental composition derived from micro-XRF core scanning of lake 
sediments can be used to infer a range of palaeo-environmental conditions including changes 
in sediment delivery, catchment erosion, evaporation and redox conditions (Davies et al. 
2015).  The reliability of these inferences can be enhanced using quantitative elemental 
composition data (Weltje and Tjallingii 2008), such as that produced by Neutron Activation 
Analysis. 
Neutron Activation Analysis can be used to quantify rare earth element concentrations (e.g. 
Hf, La and Lu) within a catchment (Marx and Kamber 2010).  This can inform sediment 
provenance by comparing the geochemical fingerprint of source lithology to that of sediment 




2.2.6 Charcoal and Fire History 
Fire is a ubiquitous part of the Australian environment with many plant communities 
developing adaptations to survive periodic burning and, in some species, requiring fire to 
reproduce (Benson 1998).  Variations in fire regime can therefore affect ecosystem 
composition and biodiversity (Morrison et al. 1995; Black 2006). 
Fire is one of the primary causes of landscape disturbance and can alter productivity, nutrient 
cycling and erosion (Daniau et al. 2010).  Climatic conditions strongly influence changes in fire 
occurrence, thus the study of charcoal in sedimentary sequences can present useful palaeo-
environmental evidence of past climate (Kershaw et al. 2002; Power et al. 2008).  Charcoal 
evidence can also inform past changes in biomass burning, fuel loads, postfire erosion events 
and anthropogenic activity (Petherick et al. 2013; Power et al. 2008). 
 Charcoal in the Sediment Record 
Charcoal preservation in swamp and lake sediments varies depending on several factors such 
as fire frequency, intensity, fuel type and climatic conditions (Morrison 1994; Black 2006).  
These dynamic influences may create challenges when relating charcoal abundance in lake 
sediment to fire history.   
As charcoal is produced during discrete burning events, the resolution of lake sediments is 
often insufficient to allow identification of individual fires (Black 2006).  Sedimentation rates 
can also affect charcoal interpretation as material can be stored within the catchment for 
significant periods of time (Blong and Gillespie 1978).  As such, tightly constrained spikes in 
charcoal abundance seen in a lake archive may be indicative of increased erosion and 
transport of material stored in the catchment as opposed to distinct fire events (Blong and 
Gillespie 1978; Clark 1983). 
 Charcoal and Erosion 
Charcoal recorded in a sedimentary sequence may inform sediment movement mechanisms.  
Fire acts to remove leaf litter, vegetation and overstorey cover thus exposing the underlying 
soil to the erosive force of rain and increasing overland flow of water (Prosser 1998).  Factors 
which influence the magnitude of post-fire erosion include the degree of litter and ground 
cover burnt, slope, soil structure and depth, soil hydrophobicity and infiltration rate (Prosser 




increasing resistance to erosion.  As such, there is a limited window of time where erosion 
potential peaks which can range from months to years depending on the fire’s severity and 
plant growth conditions (Power et al. 2008).  Rainfall is also required to transport charcoal 
and sediment through the catchment post-fire.  Analysis of charcoal and surrounding clastic 
material preserved in lacustrine sediments can provide insight into local scale changes in 
sediment transport and erosion dynamics within a catchment (Moody and Martin 2009). 
 Quantifying Charcoal Abundance 
Numerous methods have been used to quantify charcoal found in sediments.  The most 
commonly used method in Australian research is ‘point counting’ where microscopic charcoal 
is manually quantified, usually alongside pollen on prepared microscope slides (Rhodes 1998; 
Mooney and Tinner 2011).  The main advantage to this method is that it can be completed as 
part of a palynological analysis.  Several limitations have been identified with the point count 
method, such as, the use of small charcoal particles, challenges related to the preparation of 
samples and that it only provides an estimate of abundance (Rhodes 1998; Mooney and 
Tinner 2011; Mooney and Black 2003; Black 2006). 
Determining fire history using micro-charcoal can be problematic as the small particle sizes 
involved are easily transported by wind and atmospheric currents.  As such, micro-charcoal is 
often seen as a regional or hemispherical indicator rather than a local measure of fire activity 
(Mooney and Tinner 2011).  Where palynological analysis is not undertaken, preparation of 
samples onto microscope slides can become a substantially time intensive activity.  Manual 
quantification also introduces the element of human error through potential miscounts and 
misidentification of charcoal particles (Rhodes 1998).   
The use of macro-charcoal (>250μm) has become more prevalent since the 1980’s and is 
thought to better reflect local fire history as the larger particle sizes are less easily transported 
long distances by wind (Clark 1988; Mooney and Tinner 2011).  Another advantage to 
macro-charcoal is the ability for rapid quantification by image analysis for particle sizes above 
250μm (Mooney and Black 2003).  This is achieved by photographing charcoal which has been 
sieved and using software to digitally calculate abundance and area (Mooney and Black 2003).  
A limitation of this method is the inability for the imaging software to discriminate between 




remains.  This has the potential to produce artificially high counts (Mooney and Tinner 2011; 
Halsall et al. 2018).  To mitigate the effect of erroneous charcoal detection during image 
analysis, non-charcoal particles are usually removed manually by hand prior to image analysis 
(Mooney and Black 2003; Mooney and Tinner 2001; Halsall et al. 2018).   
2.3 Environmental change in southeast Australia during the Late Quaternary  
The climate of Southeast Australia through the Late Quaternary is characterised by 
oscillations between generally colder, drier glacials and warmer, wetter interglacials.  These 
climate oscillations broadly correlate to the global record of marine isotope stages (MIS) with 
MIS5 and MIS3 showing interglacials and MIS6, 4 and 2 marking glacial periods (Nanson et al. 
1992; Lisiecki and Raymo 2005; Webb et al. 2014).   
The Southeast Australian climate during the interglacial maxima, i.e. MIS5e (~130-119ka) and 
MIS3 (~60-24ka), is characterised by relatively warmer temperatures, high precipitation, 
increased fluvial activity, elevated lake levels and expansion of forest taxa.  Conversely, the 
glacial periods, i.e. MIS 4 (~74 – 60ka) and 2 (~24 – 11ka), are characterised by lower mean 
temperatures and precipitation, reduced fluvial activity, low lake levels and increased dune 
building (Nanson et al. 1992; Kershaw et al. 2007; Webb et al. 2014).   
The last full glacial cycle occurred between MIS5 (~130ka) to the termination of the Last 
Glacial Maximum (LGM) around 14ka.  This period saw progressive cooling until the zenith of 
the LGM (~20ka) and was interspersed with several short warm (interstadials) and 
cold (stadial) phases (Black 2006).   
The early last glacial period corresponds to the end of MIS3 (~60-24ka) and the 
commencement of MIS2 (~24-11ka) representing a transition period from warm, wet to cool, 
dry conditions (Lisiecki and Raymo 2005).  Lake and river records in the Southern Tablelands, 
coastal Victoria and the interior of Southeast Australia indicate higher lake levels and 
enhanced fluvial activity around 30ka (Harrison 1993).  The development of large 
palaeochannels on the Lachlan, Murrumbidgee, Murray and Goulburn River systems suggest 
heightened sediment transport and flow rates during this time with bankfull discharges in the 
Murray Darling being 5 to 10 time larger then at present between 35-25ka (Bowler 1978; Page 
et al. 1994; Page et al. 1996; Page and Nanson 1996; Page et al. 2009; Kemp and Rhodes 




fluvial activity around 35ka (Chalson et al. 2008).  Evidence of high lake levels during this 
period can be seen at sites such as Lake George which show water depths up to 37m during 
this period (Coventry 1976).  
A shift in vegetation assemblages occurred during this period with arboreal taxa being 
replaced with herbaceous and grass taxa. This suggests widespread forest retreat as a 
response to lower atmospheric CO2 levels and a drier, colder climate (Petherick et al. 2013).  
Charcoal records suggest relatively high biomass burning until ~24ka with a following decline 
into the LGM (Mooney et al. 2011)   
The LGM was characterised by decreased temperatures, increased aridity and the zenith of 
glacial advance in the alpine regions of New South Wales and Tasmania (Petherick et al. 2011; 
Petherick et al. 2013).  Inferred tree-line depressions and other indicators derived from pollen 
evidence suggest temperatures were 6.5-3.7 oC below present (Colhoun 1985; Colhoun et al. 
1999; Fletcher and Thomas 2010; Petherick et al. 2011).   
Effective precipitation was up to 50% lower than today resulting in a decline in fluvial activity, 
increased aridity and aeolian dune building as evidenced by the activation of aeolian dunes in 
the Lake George and Shoalhaven basins around 20ka (Nanson et al. 1992).  Lake levels in 
Southeastn Australia were generally low during this period, as were rates of biomass burning 
(Petherick et al. 2011; Mooney et al. 2011).   
Palynological records generally suggest vegetation was dominated by open grassland taxa 
such as Poaceae, Asteraceae and Chenopodiaceae (Petherick et al. 2011).  However, pollen 
records from Lake Baraba and Redhead Lagoon indicate the tree species Casuarinaceae was 
dominant during this period suggesting some areas may have acted as refugia for arboreal 
species (Black et al. 2006; Williams et al. 2006).  
The Deglacial period represents a phase of climatic amelioration with increases in moisture 
availability and temperature.  The rapid retreat of alpine glaciers in the Snowy Mountains and 
Tasmania and increasing sea surface temperatures (SST) indicate a warming climate (Barrows 
et al. 2001; Mackintosh et al. 2006; Calvo et al. 2007).  Pollen records reflect the increase in 
temperature and precipitation and show a revival of arboreal species at the expense of 




greater fluvial activity with high river flows and actively migrating channels on the Murray, 
Goulburn and Murrumbidgee Rivers (Petherick et al. 2013).   
The Holocene in Southeast Australia is characterised as a period of increased moisture and 
temperature with a generally stable climate with several proxy records showing a peak in 
regional precipitation, river discharge and lake height (Petherick et al. 2013).  A strengthening 
of the warm, south flowing East Australian Current (EAC) and the initiation of modern ocean 
circulation in the southwest Pacific are also observed during the early Holocene (Bostock et 
al. 2006; Petherick et al. 2013).   
Lacustrine records from Southeast Australia during this period reflect an increase in 
temperature and moisture through changes in sediment deposition and pollen records.  
Micalong Swamp in the NSW Southern Table lands shows deposition of fine sediments and 
accumulation of abundant sedge macrofossils in conjunction with a rapid rise in Cyperaceae 
pollen denoting warmer conditions during the early Holocene (Kemp and Hope 2014).  Palaeo-
shorelines at Lake George indicate high lake levels (up to ~18m) between 10-8ka (Fitzsimmons 
and Barrows 2010).  Additionally, the initiation of peat deposits are recorded in several upland 
lacustrine sites indicating an increase in swamp taxa and waterlogged conditions (Kemp and 
Hope 2014; Black et al. 2006).  Charcoal abundance also increases during this time suggesting 
an increase in available biomass and fuel load as a result of climate amelioration (Black et al. 




2.4 Previous palaeo-environmental studies of Thirlmere Lakes 
Several palaeo-environmental studies of Thirlmere Lakes have been undertaken to examine 
the geomorphic history of the system as well as the local and greater regional climatic history.  
One of the earliest studies into Thirlmere Lakes was undertaken by Vorst (1974) in which the 
provenance and geomorphology of the entire lake system was examined.  This was achieved 
through field observation, examination of aerial photographs and maps as well as sediment 
coring.  Historic changes in lake level were deduced through observed littoral zone changes 
in sediment characteristic, aquatic vegetation zonation and presence of floating peat islands.  
This evidence was inferred to reflect the oscillation of shoreline position and thus lake 
volume.  The influence of bushfire within the lake catchment was also suggested to be a major 
driver of episodic sediment transport from the surrounding hillslopes and alluvial fans to the 
lakes.   
 








Within the five lakes that comprise the Thirlmere System, Lake Couridjah has been the most 
comprehensively studied (Figure 2.2).  Dixon (1998) examined paleoenvironmental change 
over the last 2000 years.  Interpretation of lake sediments suggest that whilst catchment 
stability and productivity have fluctuated, European arrival resulted in an unprecedent degree 
of change at Lake Couridjah.  Conversely, work undertaken by Noakes (1998) determined 
European activity such as agriculture and recreational use have not significantly altered the 
lake but noted the lacustrine sedimentary archive does show sensitivity to natural climatic 
variations. 
Gergis (2000) provides an analysis of post-glacial quaternary environmental change in Lake 
Couridjah.  The physical and geochemical characteristics of sediment collected from 3 cores 
taken from the lake were analysed.  The results were interpreted to suggest humid periods 
between 15.1-13.1ka and 11.6-10.4ka with dry periods between 12.8-11.8ka and were found 
to correlate with the wider, global palaeoclimate record. 
A longer paleoenvironmental analysis of Lake Couridjah is presented by Barber (2018), 
providing a ~100ka long interpretation of paleoclimatic change.  The results showed 
significant hydrological variability with several alterations between humid and dry conditions.  
The Holocene was found to be generally stable with near continual peat accumulation 
observed over the last 10.8ka.  Subsurface facies interpretations of the sill between Lake 
Couridjah and Lake Baraba undertaken by Barber (2018) suggest the two lakes have been 
joined several times through the Late Quaternary. 
Palynological and sedimentary facies analysis undertaken by Black et al. (2006) produced a 
record of environmental and climatic change through the last 43ka in Lake Baraba (Figure 
2.2).  The authors noted abrupt sedimentary changes from organic to yellow clays prior to the 
LGM which they attributed to fluctuations in lake level.  The onset of Peat formation was 
found to begin around 8.5ka in Lake Baraba, several thousand years later than at lake 
Couridjah as inferred by Barber (2018).  Pollen analysis showed vegetation assemblages 
remained mostly static from 43ka to the beginning of the Holocene and was most likely 
dominated by Casuarina woodland before a shift to greater prevalence of Myrtaceae and 
Eucalypt species.  Allenby (2018) also inferred Lake Baraba has undergone significant 
hydrological change throughout the Late Quaternary, particularly from MIS 3 (~ 60-24ka) to 




2.4.1 Fire History at Thirlmere Lakes 
Late Quaternary fire history and climate have been examined at numerous lakes within 
Southeast Australia (Chalson and Martin 2008; Black et al. 2008; Bickford and Gell 2005; 
Kershaw et al. 2007; Mooney et al. 2011).  In Southeast Australia high charcoal abundance is 
often inferred to be the result of greater fire activity and thus a dryer climate (Kershaw et al. 
2002; Bickford and Gell 2005; Kershaw et al. 2007).  Although this may also indicate greater, 
more rapid oscillations between wet and dry periods where wet periods enhance vegetation 
growth and dry periods allows fuel to desiccate and burn (Chalson and Martin 2008). 
Analysis of the charcoal record at Thirlmere Lakes is more limited, with only two studies 
existing to date.  Noakes (1998) explored the recent fire history of Lake Couridjah using 
micro-charcoal (<100μm) extracted from two lake sediment cores.  The focus of this research 
was on post European change, as such, the chronology only covers the mid-19th to late 20th 
Centuries.  Some correlation was found between known fire events and elevated charcoal 
concentration, suggesting the lake sediments at Thirlmere provide a valid proxy of fire history.  
However, it was noted that concentrations were not uniform across both cores, suggesting 
charcoal deposition and preservation is not homogenous throughout the lake depot centre.  
Noakes (1998) also proposed the sediment deposition rate and sampling resolution may have 
been too low to capture some of the known fire events across both cores and suggested 
detection of broad trends in charcoal concentration may be more valid than trying to identify 
discrete fire events.   
Black et al. (2006) produced a <43,000-year pollen and charcoal record from Lake Baraba and 
investigated the nature of fire and vegetation in the landscape over this period including the 
LGM.  Charcoal was found throughout the analysed sediment, but distinct variations were 
observed, suggesting fire was a persistent but fluctuating feature of the area.  Low charcoal 
abundance during the LGM was detected in the Lake Baraba record which was noted to 
disagree with existing charcoal records throughout the Australasian region (Black et al. 2006; 
Kershaw et al. 2002).  Higher abundance was observed during the Holocene and was inferred 
to be a result of increased biomass and fuel availability owing to climatic amelioration.  An 
alternate explanation proposed that increased charcoal may be a signal of anthropogenic 





To date, no charcoal record for Lake Werri Berri has been created.  Investigating charcoal and 
fire history at Lake Werri Berri will allow comparison between lakes at Thirlmere potentially 
determining whether the lakes individually respond to change.  
Furthermore, no subsurface investigation of Lake Werri Berri has been undertaken.  Given 
this is the largest lake in the system, it is expected that a subsurface analysis will result in an 
extensive dataset, significantly increasing the knowledge of the both Lake Werri Berri and the 
Thirlmere system. By creating consistent data sets of the individual lakes, a holistic 
paleoenvironmental understanding of the entire system can be achieved.  Through comparing 
these sites, assessment can also be made as to whether the lakes respond to regional climate 





3 Regional Setting 
3.1 Study Area 
Thirlmere Lakes are situated approximately 90 kilometres Southwest of Sydney, and 8.5 km 
Southwest of Picton, NSW.  They comprise a series of five freshwater lakes which are 
designated as the Thirlmere Lakes National Park (TLNP) within the Greater Blue Mountains 
World Heritage area.  The lakes form part of the Warragamba Dam Catchment and are 
situated in a horseshoe shaped meander channel of a relict river (Black et al. 2006).   The five 
elongated lakes consist of; Lake Gandangarra, Werri Berri, Couridjah, Baraba and Nerrigorang 















Figure 3.1 The location of Thirlmere Lakes within the Greater 
Sydney Region.   Inset map is a satellite image captured in mid-
2019 showing the position of the five lakes. Note the absence 
of water in 4 of the 5 lakes (Sources: Main image – Sixmaps, 




When full, the lakes overflow to the West into Blue Gum Creek, a tributary of Little and 
Warragamba Rivers which flows into Lake Burragorang, although this has only occurred once 
in recent history (Vorst 1974).  The total catchment of the lakes is approximately 4.5km2 with 
the lakes themselves covering 12% of this total area (Gilbert and associates 2012).  The 
catchment contains high topographic relief with elevations ranging from ~300m AHD at the 
lake margins to over 400m AHD at the surrounding ridge crests.  Lake floor elevations also 
vary between the lakes, most notably at Lake Baraba, which is perched several metres above 
the other lakes (Gilbert and associates 2012; Barber 2018). 
3.2 Geology of the Thirlmere Lakes 
The valley which forms the Thirlmere Lakes is situated within the Hawkesbury Sandstone unit 
of the Permo-Triassic Sydney basin geological structure.  The geology of the TLNP primarily 
comprises late Cretaceous to early Tertiary alluvium (clayey quartz sand) overlying 
Hawkesbury Sandstone which forms the valley walls and ridge lines (Russell 2012).  The sides 
of the valley is demarked by sandstone cliffs, which recline at angles between 45° and 70° 
from the vertical (Vorst 1974). 
There are three geological sequences which shape the TLNP; Bald Hill Claystone, Hawkesbury 
Sandstone and Ashfield shale (Figure 3.2).  
  




The Hawkesbury Sandstone unit is an erosion resistant, fluvially derived medium to coarse 
grained quartz sandstone containing minor shale and laminate lenses.  Minerogenic 
composition of the sandstone is primarily quartzose sand with up to 93% quartz.  The 
surrounding sandstone matrix and shalelaminate lenses are similar in composition, with 
70% illite or degraded illite and 30% kaolinite (Bowman 1974).   
The Hawkesbury Sandstone is overlain by Ashfield shale which constitutes the basal unit of 
the Wianamatta Group.  Minor outcrops of the Ashfield shale have been mapped within 
catchment of The Thirlmere Lakes, occurring at the edge of the catchment to the south of 
Lakes Couridjah and Baraba (Figure 3.2).  More significant outcrops appear to the south 
around Buxton, in the north around the town of Thirlmere (Figure 3.2).  Ashfield shale is 
composed of finely bedded, dark grey to black fossiliferous siltstone (Russell 2010).  The 
absence of Ashfield shale within the TLNP is likely due to complete erosion of the unit around 
the lakes themselves (Vorst 1974).   
The Bald Hill Claystone unit of the Permo-Triassic Narrabeen group is located approximately 
100m below the lakes and outcrops along Blue Gum Creek to the west (Russell 2010) (Figure 
3.3).  The minerology of this unit primarily consists of kaolinite (50% to >75%) with quartz, 
feldspar and haematite being present in minor quantities.  The presences of haematite gives 
the unit a distinct chocolate brown to red colour (Loughnan et al. 1964).  The minerology of 
the Bald Hill Claystone is thought to produce low permeability and is considered to act as an 
aquitard influencing groundwater dynamics at TLNP (Russell et al. 2010; Riley et al. 2012).  
However, it has been noted that the horizontal extent and thickness below the lakes is not 
fully known (OEH 2016).   
 
Figure 3.3 Diagram showing general subsurface geology of Thirlmere Lakes (Source: Pells 2011).  
West East 




3.3 Lake Formation and Evolution 
The lakes sit within a topographic high above the Cumberland Plain to the East and the 
Burragorang Valley to the West.  The valley containing the lakes has a distinctive horseshoe 
shape representing a meander of a now deeply incised relic river channel (Black et al. 2006).  
The headwaters of the palaeo- river are thought to have been in the Razorback Range to the 
Northeast which flowed to the West through the Thirlmere Lakes valley and along the current 
path of Blue Gum Creek (Fanning 1982).   
Tectonic uplift associated with the formation of the Lapstone Structural Complex during the 
early to mid Cenozoic is suggested to have cut-off the river, leaving behind a deeply incised 
channel in which the lakes have formed (Fanning 1982).  Several fault zones occur to the East 
of Thirlmere Lakes including the Victoria Park, Bargo and Picton Fault zones which indicate 
the axis of tectonic alteration leading to the truncation of the antecedent river (Figure 3.4) 






Figure 3.4 Proximity of Thirlmere Lakes to fault zones associated with the Lapstone 




Extensive sedimentation of the resultant lakes has occurred, with significant amounts of 
locally derived material being deposit (Fanning 1982). The subsequent flux of sediment has 
produced outbuilding of alluvial fans emanating from ephemeral side tributaries (Figure 3.1, 
Figure 3.5).  This has caused the formation of sedimentary sills which have bisected the 
channel floor creating the five contemporary lakes (Vorst 1974; Smith et al. 2012; David et al. 
2018).  
The formation of the sedimentary sill features seen between the lakes is expected to have 
formed at a point in time where the rate of sediment input from the side valleys exceeded 
the fluvial capacity of the relic river to transport material downstream.  Sediment from the 
side valley would have accumulated in an alluvial fan, eventually filling the main channel and 
bisecting the lakes. This would have occurred after the tectonic uplift associated with the 
formation of the Lapstone Monocline (Fanning 1982; Fergusson et al. 2011).  Analysis of side 
valley grain size does not show a clear correlation with alluvial fan mechanics (Vorst 1974).  
 
Figure 3.5 Position of alluvial fans (dotted purple lines) which have bisected the valley and produced 
the five modern lakes.  Numbered 1-5 from upstream to downstream the fans have an approximate 
surface area of 0.15km2, 0.24km2, 0.54km2, 0.08km2 and 0.21km2 respectively.  The dashed box shows 
the location of an alluvial fan on the East margin of Lake Werri Berri which has not bisected the valley 




Grain size was largely uniform throughout the side valley reach and was similar to that found 
on the sill.  This may be a result of the short side valley length preventing sediment sorting as 
it is transported down-slope (Vorst 1974).   
As the side valley tributaries are ephemeral and heavily vegetated, sediment transport is likely 
to occur only during high intensity rainfall events.  Grain size and poor sorting suggest low 
energy transport via sheetwash has been the dominant process (Vorst 1974).  Given low 
energy transport appears to be a primary mechanism of sediment delivery, the sills are likely 
to have formed over a long period of time.  An alternate but not exclusive explanation is mass 
sediment delivery following intense fire activity combined with high intensity rainfall.  The 
loss of vegetation may have allowed mass sediment movement via debris flows or enhanced 
erosion, thus rapidly supplying material to both the sill features and the lakes (Nyman et al. 
2011).  The persistence of Thirlmere Lakes and very slow rate of valley infilling can be 
attributed to both the erosion-resistant Hawkesbury sandstone and very small catchment 





3.4 Lake Sediment Stratigraphy 
Previous subsurface investigation of the valley floor sediments show several major shifts in 
the type of material which has accumulated in the lakes.  Repeating sequences of clay to 
clayey sand overlain by organic rich muds and peat deposits suggest fluctuating lake 
conditions through time (Vorst 1974; Gergis 2000; Black et al. 2008; Barber 2018).   
The uppermost sediment unit in Lake Couridjah and Lake Baraba consists of peats (~2m and 
~4m respectively), the base of which is early to mid-Holocene in age (Gergis 2000; Black et al. 
2006; Allenby 2018; Barber 2018).  The unit thickness varies between the two lakes, 
suggesting differences between lake conditions and sedimentation rates over similar time 
periods (Black et al. 2008; Barber 2018).  Several bands of distinct yellow and orange clay 
found underlying the peat in both lakes have been inferred to represent periods where the 
lakes have completely dried (Black et al. 2008; Barber 2018).   
A deep bore hole collected by Vorst (1974) on the sill between Lake Nerrigorang and Lake 
Baraba found a 3m thick unit of humified peat at a depth of 14.3m that suggested an open 
water environment existed during the time of deposition.  It was noted that this unit was 
beyond the range of radiocarbon dating and therefore older than 40 000 years (Vorst 1974).  
Given that material from between 3-6m in Lake Couridjah and Lake Baraba has also been 
found to be greater than 40000 years old suggests the lakes contain a very long sedimentary 
record (Vorst 1974; Black et al. 2008; Barber 2018). 
An objective of this study is to add to the knowledge of the lakes by conducting a subsurface 





3.5 Peat Islands 
The most recent phase of peat accumulation seen in the sediment stratigraphy began during 
the early Holocene (Black et al. 2008; Barber 2018; Allenby 2018).  Formation of peat occurs 
where accumulation of organic material exceeds the rate of decomposition under generally 
waterlogged conditions (Pemberton 2005).  Floating mats or ‘islands’ of peat have been 
observed at Thirlmere Lakes during periods of high water level (Vorst 1974; Gilbert and 
Associates 2012).  It is hypothesised that these peat islands form as a result of changes in lake 
level.  When water levels drop exposing the peat, it dries and contracts producing extensive 
cracking (Figure 3.6).  If water levels increase, the cracked peat blocks may become buoyant 
and separate from the underlying stratum producing the peat islands (Vorst 1974).  These 
islands eventually become waterlogged and sink or can reattach to the lakebed, either 
through a drop in lake level or by relocation due to wind (Vorst 1974).  A consequence of the 
peat islands is it can result in a contradiction of stratigraphic principles. While the islands are 
floating on the surface, younger material accumulates on the lake bottom.  When the islands 
eventually sink, this older material is deposited on top of the younger material.  This may 
complicate dating of the peat as it cannot be assumed that sediment accumulation follows a 
linear trend through time (Vorst 1974).   
  
Figure 3.6 Extensive cracking observed on the dry bed of Lake Werri Berri in February 
2019.  Both images were taken near the lake margin with approximate crack depths 






3.6 Flora of the Thirlmere Lakes 
The flora within TLNP is representative of that found throughout the Hawkesbury Sandstone 
complex and comprises over 400 species from 250 genera, the majority of which are endemic 
to the area (Benson and Howell 1994; NPWS 1995).  The ridgelines around the lakes are 
dominated by open, dry sclerophyll woodland.  The endemic Thirlmere Swamp Woodland is 
found around the alluvial fans and sill features between the lakes.  This vegetation 
assemblage comprises Eucalyptus parramettensis (Parramatta Red Gum) and Melaleuca 
linariifolia (narrow-leaved paperbark) (Vorst 1974; Black et al. 2006). 
The aquatic vegetation community includes Lepironia articulata, or Grey Sedge which is 
prolific around the lake margins creating a dense, near impregnable barrier in some areas.  It 
has been suggested that grey sedge produces the bulk of the peat deposits and plays an 
important role in habitat structure for lake biota (Vorst 1974; Barber 2018).   Brasenia 
schreberi (watershield), Lepironia articulate (tall reed) and Lepidosperma longitudinale (pithy 
sword-sedge) have also been observed at TLNP.  These aquatic plants occur in distinct 
succession from the shoreline relative to water depth (Figure 3.7).  
 
  
Figure 3.7 Zonation of aquatic species observed at Thirlmere Lakes, 1. Brasenia schreberi, 2. Lepironia 
articulata, 3. Melaleuca linaniifolia stump, 4. Eleocharis sphacelata, 5. Lepidosperma longitudinale, 




3.7 Climate and Hydrology 
The climate of TLNP is representative of Southeast NSW with warm to hot summers and cool 
to dry winters.  The majority of annual precipitation falls around the summer months between 
October to April with an average annual rainfall of approximately 804mm.  Average 
temperatures range from 5-15°C in the winter and 25-33°C in the summer (Figure 3.8). 
Thirlmere Lakes are primarily rainfed with no significant surface inflows coming from outside 
the small catchment area (Russel et al. 2010; Riley et al. 2012).  As such, lake levels are highly 
correlated to rainfall (Riley et al. 2012; Schadler and Kingsford 2016).  Thirlmere Lakes have 
been observed to dry substantially during extended periods of below average rainfall (i.e. 
droughts), such as during the 1937-1947 “WWII drought” (Schadler and Kingsford 2016).  
Conversely, the lakes respond rapidly during above average rainfall for example during 1974 
where high precipitation caused the lakes to overflow each corresponding sill (Vorst 1974).  
There is limited knowledge regarding groundwater processes at Thirlmere Lakes but two 
groundwater systems are thought to operate below the lakes (Pells 2011; Riley et al. 2012).  
A shallow aquifer is contained within the relatively unconsolidated alluvial valley fill and is 
recharged through both rainfall and natural transfer from the lakes (Pells 2011).  A deep aquifer 
occurs ~100m below the lakes and is thought to be hydrologically separated from the lakes 
by the Bald Hill claystone unit which acts as an aquitard preventing interaction between the 
deep and shallow aquifers (Russell et al. 2010). 
 
Figure 3.8. Average climatic characteristics of Thirlmere Lakes for 1957 to 2019 (Adapted from BOM 




3.8 Recent Fire History 
National Parks and Wildlife records show TLNP regularly experiences fire events. (see Table 
3.1).  Eight fires have been recorded within the catchment area of Lake Werri Berri since 1968 
indicating a recurrence interval of 6 to 7 years (OEH 2019).  The primary source of ignition for 
major bushfires is lightning strikes during dry storms although arson and accidents (i.e. 
escaped campfires, burn-offs) are also a cause, particularly on the semi-urban east boundary 
(Noakes 1998).  Fires generally occur during spring-summer, which is characterised by high 
temperatures, low humidity and strong dry, north-westerly winds (Noakes 1998).  Bushfires 
which burn the lake floors are rare, although one bushfire in 2006 resulted in the peat on the 
floor of Lake Gandangarra catching fire (Riley et al. 2012). 
Evidence of regular burning in the form of surface charcoal has also been observed 





Year Type Area (Ha) Area (m2)
1968 Wildfire 42248.6 422486384
1982 Wildfire 176.8 1768079
1987 Wildfire 22.7 227135
1988 Wildfire 25.3 253282
1998 Prescribed Burn 109.7 1097231
2001 Wildfire 80159.9 801598719
2004 Wildfire 0.4 4463
2006 Wildfire 264.2 2642145
Table 3.1 Recorded fires within the Thirlmere Lakes National Park (Source: NPWS 







Figure  3.9 Extent of fires recorded by National Parks and Wildlife within the Werri Berri 





4.1 Field Methods 
4.1.1 Site selection and sub-surface data collection 
Fieldwork was conducted on the dry bed of Lake Werri Berri and along a small side valley on 
the east side of the Lake (Figure 4.1).  Three vibracores (pipe diameter = 74mm) and 1 
geoprobe core were taken along a north-south transect through the middle of Lake Werri 
Berri.  Furthermore, two percussion cores were taken on the alluvial fan between the lake 
and the side valley, and one soil pit was dug at the ridge crest (Figure 4.1).  In addition, several 
surface samples were collected from along the tributary channel leading from the ridge crest 
to the fan (Figure 4.1).  
 
Figure 4.1 Overview of Lake Werri Berri and catchment sample locations. Main Image: 1m resolution 
LiDAR image showing topography of the east tributary, extent of the alluvial fan and sample locations.  









 Lake Coring 
Three cores (WB1, WB3, WB4) were extracted from the dry bed of Lake Werri Berri using a 
vibracorer, deployed from a 3m quadrapod (Figure 4.2).  The cores were collected by vibrating 
a 7m length of aluminium pipe into the lakebed.  Cores were removed from the lakebed using 
a block and chain and were then cut into 1.5m lengths and capped in the field.  An additional 
core (WB2) was collected using a Geoprobe direct push sampling rig which extracted 
sediment in 50mm x 1m increments.  Each technique has varying compaction rates which 
were calculated for all cores (Table 4.1).  All cores were stored at 4oC after collection.  
 
Figure 4.2 Photograph of coring on the dry bed of Lake Werri Berri in March 2019 using a vibracorer 
and quadropod.  Aluminium pipe in the picture is 7m long. Note the abundance of grey sedge around 





 Alluvial Fan and Tributary Sampling 
Two cores were collected from the alluvial fan to the east of Lake Werri Berri using a 
percussion corer and open core barrels.  Both cores were collected in April 2019.  WBH1 is a 
2.12m core collected from the upper alluvial fan and WBH2 is 6.8m core extracted from the 
lower fan.  Six surface sediment samples were collected along the tributary channel 
associated with the alluvial fan (WBT1-6, Figure 4.1).  A soil pit was excavated at the top of 
the tributary on the ridge crest (WBRC).  Table 4.1 provides a summary of core and surface 
samples and Figure 4.1 shows the locations. 
 
Table 4.1 Summary of cores collected in this study.  Cores with prefix WB were taken from the lakebed, 
those with WBH are cores collected from the adjacent alluvial fan and WBRC is a 0.5m soil pit dug on 













WB1 273507.536 6210510.153 299.66 Vibracore 5.46 16.5 
WB2 273508.588 6210521.054 299.77 Geo Probe 14 - 
WB3 273566.043 6210179.898 299.40 Vibracore 4.36 29.9 
WB4 273594.162 6210069.722 299.39 Vibracore 3.93 41.7 
WBH2 273545.28 6210502.76 308.08 Percussion 5.46 3.1 
WBH1 273631.32 6210571.1 315.08 Percussion 2.12 15.3 






 Lithology Samples 
To explore the relationship between lake sediment and potential source material, several rock 
samples from the immediate catchment and nearby outcrops were collected to constrain 
lithological inputs to the lake.  The Hawkesbury sandstone is the dominant geological unit in 
the modern Thirlmere Lakes catchment and is therefore the principal source of minerogenic 
material at the present.  Ashfield shale overlies the Hawkesbury sandstone and while doesn’t 
currently outcrop within the catchment, it likely would have in the past and therefore 
represents a historical source of lake sediment. 
Three samples of Hawkesbury Sandstone were collected from the cliff along the side of the 
valley just to the east of Lake Werri Berri (Rock 1-3, Figure 4.3).  A further sandstone sample 
was collected from the bottom of the ridge crest soil pit representing input from regolith 
(WBRC, Figure 4.3).  Two shale samples were collected around Buxton to the south of the 
lakes (Rock 4 and 6, Figure 4.3).  An additional shale sample was collected to the north-east 
from a road cutting along Thirlmere Way (Rock 7).  Figure 4.3 shows where the geological 
units outcrop and the locations of lithology sampling.   
  
Figure 4.3 Location of 
lithology sampling and 
geological units.  Circles 
denote sample collection 
locations.  
(Source: Geological 




4.2 Laboratory Analyses: 
4.2.1 Bulk density 
The dry bulk density of major sedimentary units was determined for WB1, WB3 and WB4.  
Short sections of aluminium pipe with an internal volume of 3cm3 were pre-weighed, then 
carefully pushed into the core sediment until flush with the surface at each of the identified 
major units (20 samples per core).  The pipe sections were then excavated from the core, 
weighed and dried at 50oC for 72 hours. The dry material was then reweighed to provide dry 
bulk density in g/cm3 by dividing the weight by the known volume of the aluminium pipe 
sections.  Water content was also calculated for each sample using the difference in mass 
between pre- and post-drying.  
Results were adjusted for compaction experienced during core collection using the below 






4.2.2 Adjusting for core compaction 
Due to the nature of core collection using vibracoring, the material within the core often 
becomes compacted. To provide a realistic representation of subsurface stratigraphy and 
allow for more accurate inter-core comparison, the three lake cores taken using vibracoring 
were adjusted for compaction.  Core compaction was determined by measuring the length of 
pipe vibrated into the sediment, distance from top of pipe to sediment within the pipe, and 
distance from the top of pipe to the ground surface.  The difference between the length of 
pipe in the ground and the collected sediment equals the amount of compaction which has 
occurred, as illustrated in Figure 4.4.  This was expressed as percent compaction using: 
𝑃𝑖𝑝𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 (𝑚)
𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (𝑚)
 × 100 
Adjustment for compaction was achieved by calculating a compaction factor for each core 
section, then multiplying the length of captured sediment by this factor;   
𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (𝑚)
𝑃𝑖𝑝𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 (𝑚)
 × 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑡𝑢𝑟𝑒𝑑 (𝑚) 
 











Total pipe length 
Depth to ground  
Pipe  















4.2.3 Grain size determination in sediments 
The grain size distribution of the minerogenic material from five cores, the ridge crest pit and 
tributary surface samples was determined via laser diffraction using a Malvern Mastersizer 
2000 at the University of Wollongong (UOW).   Subsampled material was digested in 30% 
hydrogen peroxide at 50oC to remove organic material prior to grainsize analysis.  As the soil 
and hillslope sediments contained large amounts of organic debris, these were allowed to 
digest for 24-48 hours then the supernatant was carefully passed through a 1.25mm sieve to 
remove large pieces of organic matter.  The rationale behind this step is the larger 
minerogenic fraction would be too heavy to be suspended in the supernatant while the 
smaller suspended minerogenic load would be small enough to pass through the sieve whilst 
capturing the light organic material and aiding digestion.  Samples were placed in an 
ultrasonic bath for at least 4 minutes prior to grainsize measurement to disperse any 
aggregates which may have remained in the sample. 
The instrument was flushed clean with water and the background measured to re-calibrate 
the machine between each measurement.  Table 4.2 shows increments and total number of 
subsamples analysed for each core/pit.   
 









Core Increment Number of Samples 
WB1 10cm 55 
WB3 major units 20 
WB4 major units 20 
WBH1 major units 14 
WBH2 major units 44 
Ridge Crest Pit 5cm 7 
Tributary channel - 6 




4.2.4 Elemental and Minerogenic Composition 
 X-ray Diffraction 
To compare minerogenic composition of the catchment lithology (i.e. rock samples) and the 
lake sediments, ten rock and sediment samples were analysed using X-ray Diffraction (XRD).  
Catchment lithology was represented by three Hawkesbury sandstone and two Ashfield shale 
samples.  Two soil samples from the ridge crest pit were also analysed.  Lake sediment 
samples included three lake clay samples.  All samples were crushed to a powder using an 
agate mortar and pestle for sediment samples and a ball mill (TEMA) for rock samples.  
Samples were dried at 50oC for 48 hours prior to analysis. Analysis was performed on a GBC 
MMA X-ray diffraction machine and results interpreted using Siroquant software.  
 Stable δ13C and δ15N isotopes, %C, %N and C: N 
Stable δ13C and δ15N Isotopes, %C, %N and the C: N ratio were determined for 107 bulk 
sediment samples from WB1 and seven from the ridge crest soil pit at the University of 
Adelaide, Department of Earth Sciences in the Isotope Mass Spectrometry Facility using a 
EuroVector Elemental Analyser (EA), in conjunction with constant flow to a Nu Horizon 
isotope ratio mass spectrometer (IRMS).  The standards; glutamic acid, glycine, TPA and USGS-
42 were used to calibrate samples at the start and end of every run.  Every nine samples, 
glycine standards were checked and one repeat sample was analysed.  WB1 was subsampled 
every 5cm, the ridge crest soil pit was subsampled at each horizon.  Subsamples were dried 
at 50oC for 48 hours, then crushed using an agate mortar and pestle to homogenise the 
material.  A randomly selected subset of samples were acid treated (12M HCl) and re-analysed 







 Neutron Activation Analysis 
To examine the elemental geochemistry of source material (i.e. lithology and ridge crest soil) 
at the site, with that of the sink (i.e. lake sediment), 23 samples were analysed via neutron 
activation.  Sediment and soil samples were crushed to a powder using an agate mortar and 
pestle.  Rock samples were crushed using a ball mill (TEMA) rock crushing machine.  All 
samples were then dried at 50oC for 48 hours and approximately 200mg of each weighed out.  
Crushed and dried samples were taken to ANSTO and irradiated in the OPAL research reactor.  
After the samples were irradiated, the energy and intensity of emitted gamma rays were 
measured using gamma spectroscopy and compared to a library of known elemental isotope 
energy levels to determine the concentration of elements present in each sample.   
Subsets of each sample were exposed to both long (20 hour cycle) and short (15 minute cycle) 
irradiation times to provide a full gamut of available elemental concentrations.  Figure 4.5 
shows the elements which were quantified using NAA.  
 
 
Figure 4.5 Elements which were quantified using Neutron Activation Analysis (NAA). Distinction is 





 Micro X-ray Fluorescence 
Micro X-ray Fluorescence core scanning provides non-destructive, ‘semi-quantitative’ 
analysis of element abundance throughout a core of soft sediment (Croudace et al. 2006). 
The WB1 core was examined for changes in elemental composition using the Itrax micro X-ray 
Fluorescence (μXRF) core scanner at the Institute for Environmental Research, Australian 
Nuclear Science and Technology Organisation (ANSTO).  X-ray Fluorescence (XRF) scans were 
taken using a molybdenum tube set at 30 kV and 55 mA with a dwell time of 10s at 1mm 
increments to record down-core elemental variation.  Radiographic and high-resolution 
optical images taken at 500μm resolution were also obtained.  Erroneous data associated 
with inadvertent X-ray interaction with the core barrel during the Itrax run was removed prior 
to elemental ratio analysis.  Elemental counts of 0 were also removed with the assumption 
these values indicate a ‘below detection’ reading. 
Itrax scanning produced downcore data for 31 elements (Al, Si, P, S, Ar, K, Ca, Ti, V, Cr, Mn, 
Fe, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Y, Zr, Sb, La, Ce, Nd, Eu, Er, Tm, Pb and Bi).  Elements from this 
list were selected for further analysis based on two selection criteria; (1) suitability as proxies 
for palaeo-environmental conditions and (2) high correlation with quantitative elemental 
concentration data provided by the results of NAA. 
Trends in the data were highlighted by applying a 20-point running average to reduce noise 
associated anomalous X-ray Fluorescence readings. 
Data Analysis and Calibration 
Element detection can be adversely affected by physical variations within the sample (Weltje 
and Tjallingii 2008; Weltje et al. 2015).  Surface topography of the core, water and organic 
content, and the homogeneity of the sediment can affect the ability of μXRF to produce a true 
record of elemental composition, hence why it is often referred to as ‘semi-quantitative’.    
Due to the above factors it is generally advantageous to calibrate μXRF data to reduce or 
eliminate the confounding effect of physical variations within the sample.   
Two methods were employed in this study to improve the validity of the μXRF data produced 





Normalising to Mo Inc/Coh Ratio: 
Incoherent (Inc) scattering returned by the molybdenum tube during scanning increases 
when samples are high in organic matter as they tend to be composed of lighter elements 
which cannot be detected by μXRF.  Heavier elements produce coherent scattering (Coh), 
thus a ratio of incoherent over coherent scatter produces a proxy measure of relative changes 
in water and/or organic content (Guyard, et al. 2007; Kylander et al. 2011).  Elements of 
interest were normalised to this ratio to reduce the confounding effect of water and organic 
content in the core. 
Log Ratio Calibration: 
The log ratio calibration method was applied to the WB1 Itrax dataset (see Weltje and 
Tjallingii 2008).  The natural log of elemental ratios for both μXRF counts per second (cps) and 
NAA concentrations (mg/kg) were calculated.  These ratio values were then cross plotted, and 
a linear regression applied.  The coefficient of determination (R2 value) was used to evaluate 
the amount of variation explained by the linear regression model.  For elemental ratios which 
had a high coefficient of determination (i.e. R2 > 0.70), the equation of the linear regression 





4.2.5 Accelerated Mass Spectrometry (AMS) Carbon-14 dating 
Dating was performed using radiocarbon 14C to determine ages at several depths through 
WB1, WB3 and WB4 cores.   A total of 12 samples were taken from the three cores; five from 
WB1, three from WB3 and four from WB4. 
Approximately 8cm2 of material was subsampled, specifically targeting visible macrofossil and 
macro-charcoal within the core sediment at each selected depth.  Samples were then wet 
sieved through a 500μm screen and dried at 50oC for 48 hours to aid target identification. 
Samples were then taken to the AMS radiocarbon lab at ANSTO.  Targets for AMS were 
handpicked under a binocular microscope with priority given to selecting short-lived 
macrofossil (plant material) and charcoal targets (Figure 4.6).  Short-lived macrofossil targets 
included small twig fragments and sedge leaves.  Charcoal targets included burnt seedpods, 
grass fragments and twigs. 
Samples were then treated with an Acid-Alkali-Acid procedure to remove sources of mobile 
carbon such as fulvic and humic acids prior to graphitization and 14C analysis via AMS (De Vries 
and Barendsen 1954).  
Sample Selection Rationale 
Some organic components within lacustrine sediments, such as charcoal or wood fragments, 
can have large ‘inbuilt’ radiocarbon ages as they could be from long-lived trees or may have 
persisted in the landscape for substantial periods of time.  These types of targets can 
therefore produce ages much older than the surrounding sediment (Kershaw et al. 2007; 
Martin et al. 2019; Bird 2013).   
To avoid or limit the influence of ‘old carbon’ on radiocarbon chronologies and obtain the 
most accurate possible dates, it is desirable to select sources of carbon which are short lived 
(Martin et al. 2019; Bird 2013).  Sources of short-lived carbon included macrofossils of grasses, 
sedges and tree twigs (Hatté and Jull 2013).  These sources of carbon generally have short life 
spans and do not persist in the landscape for very long due to decomposition, thus limiting 
the influence of “old carbon” (Kershaw et al. 2007, Martin et al. 2019). 
The resultant radiocarbon dates were calibrated to cal ka BP (BP = 1950 CE) using the 








Figure 4.6. Examples of handpicked charcoal and macrofossil targets loaded for AMS Carbon-14 
dating. Distance between background numbers is 1cm.  A = WB4 core at 0.55m, B = WB1 core at 2.30m, 







4.2.6 Charcoal Analysis 
Analysis of charcoal is commonly used to explore aspects of fire history, palaeoclimate and as 
a proxy for sediment movement (Power et al. 2008).  In this study, macro-charcoal was 
sampled both vertically through the lake sediment and hillslope, and laterally along the east 
tributary (Figure 4.1). This allowed for exploration of fire history variation through space and 
time. 
This method primarily follows the steps outlined in Mooney and Radford (2001) and Mooney 
and Black (2003) with minor alterations based on personal communications with A/Prof Scott 
Mooney and Mark Constantine (UNSW Thirlmere Lakes research program collaborators).  
These alterations were the use of hydrogen peroxide rather than sodium hypochlorite to 
bleach organic material and ‘ImageJ’ software instead of ‘Scion Image’ to perform the 
analysis.  
From the primary lake core (WB1), subsamples of material were collected at 10cm increments 
(n = 55).  The hillslope cores and ridge crest soil pit were also sampled at 10cm increments 
down to a depth of 50cm (n = 6 per core/pit).   Subsamples were also taken from each of the 
tributary surface samples.  Approximately 3cm3 of each sample was displaced in water to 
estimate volume.  Samples were then placed in 6% H2O2 for 48 hours at 50oC to bleach 
unwanted organic material (i.e. plant debris).  The soil and hillslope sediments were found to 
contain large amounts of leaf litter and organic debris which obscured the charcoal.  These 
samples were bleached in 6% H2O2 for an additional 48 hours after sieving to facilitate 
separation of charcoal. 
Samples were wet sieved through 250 micron screen, transferred to petri dishes and covered 
with water.  The charcoal was then carefully sorted from other remaining material using 
tweezers and a pipette.  
The samples were photographed using a 12M pixel Canon IXUS 960IS digital camera.  An LCD 
monitor was laid flat under the camera and projected a white image to provide backlight 






The number and area of charcoal was calculated using ImageJ which is free software available 
at www.imagej.net (Figure 4.8).  Any area values which were smaller than the sieve size (i.e. 
250μm2) were removed from the data.  Results have been expressed as count per volume and 
area per volume for each sample.  From these, mean charcoal particle size for each sample 
was also calculated. 
 
Figure 4.7 Setup used to photograph charcoal samples prior to image analysis. 
 
 
Figure 4.8 Photograph of charcoal (A) and same photograph after image analysis (B).  The red specks 






The results are presented over three sections.   
Section 5.1 presents the core descriptions and grain size analysis for both the lake and 
hillslope cores.  The radiocarbon dating results are presented at the end of this section.  
Section 5.2 contains the ‘down core’ and ‘down catchment’ charcoal analysis and stable 
isotope results whilst Section 5.3 describes the geochemical and elemental results for the 
lithology and ridge soil representing the source material as well as the lake sediment 
representing the sink material.  
5.1 Lake Werri Berri Sedimentology 
5.1.1  Lake Cores 
The following section summarises the four cores taken from the lake floor, whilst Appendix A 
includes detailed core descriptions for WB1, WB3 and WB4.  Figure 5.1 (below) indicates the 









 Primary core WB1 
WB1 is a 5.46m continuous core taken from the northern section of Lake Werri Berri. The core 
was compacted by 16.5% during its retrieval.  It consists of several organic rich units 
alternating with oxidised clayey material and light brown sand.  Grainsize throughout the core 
is generally bimodal with modes at silt and sand sized particles.  Bulk density is low in the 
upper peat unit before increasing down core. 
 
Figure 5.2 Sedimentary detail of core WB1.  Core is presented as compacted depths, from left to right; 
core image, interpreted stratigraphic log with radiocarbon dates, mean grainsize and bulk density 










The upper 2.38m of WB1 consists of very dark brown to black homogenous peat material 
containing numerous macrophyte and root fragments in the upper 0.7m and becoming more 
humified with increasing depth (Figure 5.2).  Grainsize is predominantly silt with unimodal 
distribution and bulk density is low with values between 127-150kg/m3 (Figure 5.2)  
Comparable dark brown, organic rich material occurs between 2.88-3.22m and 4.5-5.22m 
with several bands of charcoal rich sand occurring within these units. 
One of the distinctive characteristics of the WB1 core is the pallid yellow clay with a plastic 
and easily deformable blocky texture occurs at 2.36-2.88m.  Mean grainsize of this region is 
24μm (silt), although particle size distribution is bimodal with major modes at 35μm and 
350μm (Figure 5.3C) indicating a clayey sand texture.   
Between 3.32- 4.46m the sediment is light brown, sandy clay with charcoal fragments present 
throughout. The sand fraction is poorly sorted with medium to very fine pebble sized grains 
(Figure 5.3D).  Clay interbeds were present at 3.82, 3.96, 4.03 and 4.12-4.21m and contained 
almost no sand.  From 5.22m the core gradually transitions to pallid yellow silty clay which 
becomes paler down core. 
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Figure 5.3. Grainsize distributions for the major units within WB1 core.  Letters A-F indicate position in 




 WB2 – northern lake core 
WB2 is a 14m core collected 10m to the Northeast of WB1 using a geoprobe.  The purpose of 
this core was to extend the sediment record below that of WB1 (i.e. > 5.5m).  As the 
stratigraphy in the upper portion of the core was broadly identical to that of WB1, this core 
is viewed as a continuation. 
The upper 5.3m of WB2 mirrors WB1 and is described 
above. 
Sharp transition into clayey sand of a medium brown 
colour. Sand is medium grained, well-sorted and sub-
angular. 
Sharp transition to medium brown clay. Charcoal 
fragments present throughout. Brown sandy clay lense 
between 6.94-7.11m 
Light brown clay with scarce charcoal. Becomes sandier 
downcore 
Sharp transition into dark brown, very fine material. 
Generally smooth but some sections appear 'grainy' which 
are in fact just hard chunks of the same material. 
Pallid/light yellow clay that gets progressively sandier 
downcore. Between~10.70-13.9m it is a sandy clay. 
From ~ 13.9m the clay fraction becomes more prominent 
and this zone is noticeably less saturated than overlying 
clayey sand. Colour gets a bit darker into darkish brown. 
Figure 5.4 Sedimentary detail of core WB2 showing inferred stratigraphy and mean grainsize 




 WB3 – centre lake core 
WB3 is a 4.36m continuous core taken from the centre of Lake Werri Berri.  The core was 
compacted by 29.9%, with most of this compaction occurring in the upper peats, as indicated 
by measurement during its collection.  WB3 has similar stratigraphy to WB1 with the sediment 
compromising of alternating units of organic rich, peaty material and pallid to yellow clay and 
light brown sand.  WB3 contains a distinct unit at 1.63-2.28m.  This unit was comprised of 
extremely hard, beige to pallid coloured clayey silt aggregates.  The structure is blocky, while 
the texture of the aggregates consists of gravel to pebbles (~ 2mm to 40 mm) of very angular 
appearance (Figure 5.6).  
 
Figure 5.5 Sedimentary detail of core WB3 (refer to the legend provided in Figure 5.2).  From left to 
right; core image, interpreted stratigraphic log with radiocarbon dates, mean grainsize and bulk 




Aggregates are very hard and cannot be easily broken by hand.  This unusual unit was dubbed 
the “kitty litter” layer.  Grainsize upon disaggregation consist of a mean of 27μm comprised 
of silt, sand and clay in the proportions of 48%, 31% and 21% respectively.  While care was 
taken during grainsize preparation and analysis, it is possible the sand sized fraction seen in 
the data may be clay aggregates which survived crushing.  Bulk density is low and between 
629 to 668kg/m3 and reflecting the significant pore space between the aggregates in this unit. 
Below this unit, from 2.28-2.4m, the sediment transitions to mottled light brown clayey silt 
with a blocky texture (blocks ≤ 2mm wide).  At 2.4m there is a sharp transition to dark brown 
silty material corresponding with an increase in moisture content.  A very sharp transition 
occurs at 2.7m to moist pallid to grey clay.  The sediment becomes sandier down core until 
3.4m where there is a sharp transition to clay which continues to the end of the core.   
  
Figure 5.6 Photograph of the “kitty litter” 
layer at 1.63 – 2.28m,  composed of 
extremely hard, beige to pallid clayey silt.  





 WB4 – southern lake core 
WB4 is a 3.93m core with 41.7% compaction, collected from the southern section of Lake 
Werri Berri.  This core broadly follows the same trends as WB1 and WB3 with a unit of peat 
overlying sequences of organic silty mud and oxidised, yellow clays above an organic rich unit 
towards the bottom of the core. 
 
 
Figure 5.7 Sedimentary detail of core WB4 (refer to the legend provided in Figure 5.2).  From left to 
right; core image, interpreted stratigraphic log with radiocarbon dates, mean grainsize and bulk 
density downcore.  Note: between 0.88 and 1.2m in the core contains undifferentiated very dark 





The upper 0.42m of WB4 is comprised of very dark brown to black peat with numerous plant 
fragments throughout the unit.  Grainsize is predominantly silt (80%) with a mean size of 
11.5μm. At 0.42m the sediment transitions to brown, saturated fine silty clay with a mean 
grainsize of 15μm. There is an increase in sand sized particles (15%) but is still primary silt 
(57%).  Bulk density increases to 739kg/m3.  Below 0.56m, there is a gradual transition to 
yellowy beige clay with a mean grain size of 7.5μm.  The clay becomes more cohesive and 
blocky downcore with aggregates (10-12mm wide) occurring at 1.64-2.05m.  A gradual 
transition to massive clay occurs at 2.05 to 2.13m at the bottom of this unit.   At 2.13m there 
is a very sharp transition to dark brown clayey silt with a mean grainsize of 8.5μm.  This unit 
contains numerous charcoal fragments.  Between 2.26 to 2.85m the sediment is medium 
brown clayey sand with a mean grainsize of 23μm and a bimodal distribution.  Peaks in 
distribution occur at 12.5μm and 363μm. A distinct coarse sand layer occurs at 2.76m. 
Below 2.85m there is a sharp transition to dark brown salty clay.  Charcoal rich bands occur 
at 2.89m and 2.91m, with coarse sand layers between 2.90m and 2.92m.  A distinct, black, 
highly organic layer occurs at 3.27- 3.31m.  From 3.75m to the end of the core at 3.94m there 





5.1.2 Hillslope sediments (hillslope cores) 
This section presents descriptions and characteristics of the ridge crest and alluvial fan 
sediments.  These results are presented as an east to west transect along the running 
between the ridge crest and the lake. They include results from a 0.5m pit dug on the ridge 
(WBRC pit - Figure 5.8) as well as from two percussion cores extracted from the associated 
alluvial fan (WBH1 and WBH2 - Figure 5.10).  
 
 
Figure 5.8 Overview of sample locations. Main Image: 1m resolution LiDAR image showing topography 
of the east tributary, extent of the alluvial fan and sample locations.  Inset image: Satellite image of 










 Ridge Crest Soil Pit (WBRC)  
The soil profile at the top of the east ridgeline was excavated to examine the nature of the 
source material in the catchment.  The soil profile at the ridge crest is relatively thin with 
bedrock occurring at 0.5m depth.  Grain size is predominantly sand with a slight increase in 
silt and clay occurring between 30-35cm before return to sand near the bottom of the pit.  A 
noticeable 5cm thick band of charcoal fragments occurs at 15cm depth.  The soil colour 
transitions from reddish-brown at the top to very red at the bottom of the profile indicating 
high concentration of iron oxide.  
 
 
Figure 5.9 Image and summary of the soil pit excavated at the ridge crest.  Note the band of large 


















WBH1 is a 2.12m core collected from the upper portion of the alluvial fan to the East of WB1 
(Figure 5.8, Figure 5.11B). This core was extracted using a percussion corer with an open 
window sampler. 
The top 0.5m of WBH1 is composed of medium brown, silty sand underlying a thin (8cm) 
veneer of dark brown organic rich topsoil.  The thin topsoil contains abundant charcoal 
fragments and plant material which drops off rapidly with depth.  Large fragments of 
sandstone were observed at 0.3-0.4m.  Mean grainsize at the top of the core is 70μm which 
rapidly increases to 153μm at 0.15m.  Grainsize through the remainder of the core is between 
83-112μm indicating fine sand.  Between 0.5 to 1.48m the sediment is a medium brown clayey 
sand.  Numerous charcoal fragments were observed throughout this unit with a substantial 
concentration at 0.98-1.04m.  At 1.48m there is a transition to light brown sand.  Rock refusal 
occurred at 2.12m. 
 WBH2  
WBH2 is a 6.8m core collected from the lower fan section of the alluvial fan to the East of 
WB1 (Figure 5.8, Figure 5.10).  As with WBH1, this core was extracted using a percussion corer 
with an open window sampler.  The core consists of alternating units of pale yellow sand and 
pallid sandy clay with a distinct unit of organic rich, clayey silt between 3.28-4.82m (Figure 
5.11A). 
Grainsize throughout the core broadly coarsens upwards and is coarser than the lake cores 
(Figure 5.11A).  Mean grainsize in the upper 3m of the core is 100-180μm with a sharp 
increase to 500μm seen at 1.5m.  Mean grainsize in the lower 3.8m of the core is between 
40-80μm with a second sharp increase to 360μm seen at 3.4m coinciding with a thin lense of 







Figure 5.11 Sedimentary detail of (A) lower alluvial fan core - WBH2 and (B) upper alluvial fan core - 










5.1.3 Radiocarbon Dating 
A total of 12 samples were dated using radiocarbon to constrain the ages of stratigraphic units 
within Lake Werri Berri (Table 5.1).  Five depths were sampled from the northern core (WB1), 
three depths in the centre core (WB3) and four depths in the southern core (WB4).  Sampling 
depths were selected to constrain the upper unit of pale yellow clay as well as the base of the 
upper peat unit seen across the three cores.    
Macroscopic charcoal and plant fragments were purposely targeted in all samples, specific 
sample targets are shown in Table 5.1 and Figure 5.2, Figure 5.5, Figure 5.7.  Dates were 
calibrated using the high probability density range method (HPD) and the SHCAL13 calibration 
curve.  All ages as calibrated appear in Table 5.1 but are presented as rounded to the nearest 
five years (cal yr BP) in this and subsequent sections. 
The base of the upper peat unit in the cores returned similar radiocarbon ages of around 
14100-14600 cal yr BP (OZY152, OZY148 and OZY157, Table 5.1).  This age therefore 
represents the onset of peat accumulation in the upper sections of all cores.  In contrast, 
material below the oxidised, pale yellow clay in the three lake cores returned ages beyond 
47000 cal yr BP (OZY150, OZY147, OZY155 and OZY156).  These ages are at or beyond the limit 
of radiocarbon dating and therefore have a high degree of uncertainty. 
The results show two age reversals in the radiocarbon ages from WB1.  The first occurs in the 
upper peat unit.  It returned an age of 3690-3460 cal yr BP at 0.87m (OZY154) , which is 
younger than that returned from 1.29m depth which gave an age of 1425-1300 cal yr BP 
(OZY153) (Figure 5.2).  The second reversal occurred at the transition from the upper peat to 
the pale yellow clay, where material at 2.18m has an age of 14,650-14,080 cal yr BP, whereas 
material below it at 2.3m depth returned an age of 11,190-10,785 cal yr BP (Figure 5.2).  
Several mechanisms may explain both reversals such as; the type of material taken for dating, 
lake processes and the potential influence of terrestrial sediment reservoirs.  These potential 





Table 5.1 Summary of radiocarbon results for Lake Werri Berri. 
 
  
pMC 1σ error yrs BP 1σ error From To Probability Sigma
OZY154 0.87 65.59 +/- 0.32 3385 +/- 40 3690 3460 95.4 61 plant material & charcoal
OZY153 1.29 82.76 +/- 0.32 1520 +/- 35 1423 1302 95.4 36 plant material
OZY152 2.18 21.46 +/- 0.12 12365 +/- 45 14653 14082 95.4 154 charcoal
OZY151 2.3 29.96 +/- 0.13 9685 +/- 35 11189 10786 95.5 122 plant material
OZY150 2.95 0.22 +/- 0.02 49150 +/- 630 50527 47975 95.4 641 charcoal
OZY149 1.2 23.07 +/- 0.11 11780 +/- 40 13716 13453 95.4 66 charcoal
OZY148 1.64 21.39 +/- 0.1 12390 +/- 40 14683 14113 95.4 157 charcoal
OZY147 2.56 0.18 +/- 0.02 50730 +/- 810 52557 49243 95.4 834 charcoal
OZY158 0.36 33 +/- 0.14 8905 +/- 35 10180 9911 95.4 82 plant material
OZY157 0.55 21.51 +/- 0.12 12345 +/- 45 14678 14112 95.4 156 charcoal
OZY156 2.17 0.18 +/- 0.02 50840 +/- 860 52798 49268 95.4 889 charcoal




percent Modern Carbon Calibrated Ages (OXCal 4.3 (SHCal13))


















Figure 5.12 Summary of stratigraphic results of cores taken along the dry bed of Lake Werri Berri.  Cores in this figure are presented as ‘uncompacted’ (see 
Chapter 4) to provide comparison of stratigraphic relationships across the Lake. Calibrated radiocarbon dates are indicated at their respective depths.  Symbols 




5.2 Charcoal and Stable Isotopes 
5.2.1 Charcoal in Lake Werri Berri and Surrounds 
Analysis of macro-charcoal (>250μm) was performed on the primary lake core (WB1) to 
explore trends in charcoal abundance in the sediment of Lake Werri Berri. In addition, 
macro-charcoal was examined within cores and soil pits from the ridge crest and alluvial fan 
(along the tributary - Figure 5.8). 
The changes in charcoal downcore provide insights into potential changes in the fire regime 
through time whilst hillslope charcoal provides a proxy of sediment transport dynamics the 
within the catchment.  Charcoal results are primarily expressed as abundance (number / cm3) 
and area (mm2 / cm3).  A third metric, mean particle size (mm2), is included in down-slope 
results as an indication of charcoal fragmentation and physical alteration through fluvial 
transport. 
 Lake Sediment Charcoal Record (WB1) 
Zones of high charcoal abundance and area occur in the organic rich units between 0.5-1.2m, 
2.8-3.5m and 4.6-5.2m (Figure 5.13).  The latter two high charcoal zones also coincide with 
the appearance of medium grained sand lenses in the sediment (Figure 5.13). 
The charcoal record exhibits similar trends in both charcoal abundance and area downcore.  
The magnitude of some peaks is greater for area than abundance, particularly at 1.7m and 
4.4m (Figure 5.13).  Cross plotting area and abundance shows high correlation (R2 = 0.88) 
suggesting one is a good indicator of the other (Appendix B, Figure 1). 
A distinct absence of charcoal appears between 2.25-2.75m and 5.22-5.46m and correlates 






Figure 5.13 Macroscopic charcoal record versus depth for WB1 core.  The core is presented as 





 Downslope Surface Charcoal: 
Surface charcoal abundance and area generally decrease down the tributary until the upper 
alluvial fan where there is substantial increase (Figure 5.14).  Charcoal metrics decrease 
between the ridge surface and the lower tributary channel.  Abundance and area at the ridge 
are 140/cm3 and 160mm2/cm3 respectively.  This decreases to 50/cm3 and 15mm2/cm3 at the 
mid-tributary before sharply increasing to 305/cm3 and 170mm2/cm3 at the upper alluvial fan 
(Figure 5.14).  Mean particle size also follows this trend with a mean size of 1.2mm2 at the 
ridge dropping to 0.4mm2 mid-tributary and increasing to 1.6mm2 at the upper fan.  All 
metrics drop-off substantial past the upper fan with lake floor containing both the fewest and 
smallest charcoal particles.  This suggests the alluvial fan is a store of charcoal as well as 















Figure 5.14. Surface charcoal characteristics down the tributary to Lake Werri Berri.  Note the general decreasing trend 
across all metrics down the tributary until the considerable spike at the upper alluvial fan.  “WB” codes refer to sample 




 Hillslope changes in charcoal characteristics with depth: 
To investigate changes in charcoal abundance down-slope from the ridge crest through to the 
alluvial fan, Figure 5.15 presents charcoal data of the upper 50 cm of the ridge crest soil 
profile (A), the upper alluvial fan core (B) and the lower fan core (C).  Charcoal generally 
reduces in number, area and mean size with depth, with a pronounced decrease occurring at 
~20cm depth in all hillslope downcore samples.   
Changes in surface charcoal are also seen between the ridge (A), the upper fan (B) and the 
lower fan (C).  Charcoal at the ridge surface has high abundance and area with 170/cm3 and 
140mm2/cm3 respectively (Figure 5.15A).  Particle size is also high with the average being 
1.15mm2.  Charcoal in the upper alluvial fan has the highest initial values across all three 
metrics (Figure 5.15B).   While abundance near the surface is relatively low (80/cm3), mean 
size and area are very high (2.25m2/cm3 and 210mm2/cm3), meaning charcoal at the surface 
of the upper fan is composed of relatively few, large particles.  This contrasts with much lower 
charcoal abundance and size on the lower fan indicating transport to the lower fan is limited 
(Figure 5.15C).   
 
Figure 5.15 Changes in charcoal characteristic with 
depth at the ridge (A), upper alluvial fan (B) and 




5.2.2 Stable carbon (δ13C) and nitrogen (δ15N) isotopes 
Results of δ13C, δ15N, C:N, percentage of C and N analysis conducted on 107 bulk sediment 
samples from the WB1 core and seven ridge soil samples are presented in this section.   
 Lake sediment 
Carbon content (%C) of the lake sediment ranges between 0.48% to 47.31% while nitrogen 
content (%N) ranged between 0.02% to 2.29% (Figure 5.16).  The δ13C values show an increase 
down core with a distinct positive shift in values seen below 2m (Figure 5.16).  Mean δ13C in 
the upper 2m is -31.87 ‰, the remainder of the core has a mean value of -27.70‰.  Values 
of δ15N show a similar trend with values increasing below 2m (mean δ15N 0.26‰ vs. 2.97‰).  
The shift in δ13C and δ15N values correspond with the extent of upper peat unit in the core.  
Carbon and nitrogen concentrations (%) are also higher in this upper, highly organic section 
(%C and %N shown in Figure 5.16).   
The C:N ratio shows increased variability downcore.  Several distinct peaks in C:N are seen at 
0.65m and 2.2m which also coincide with spikes in δ13C (Figure 5.16).  Plotting %C against %N 
show high correlation (R2 = 0.95) with the regression line crossing the y-intercept near zero 
(0.03) indicating minimal inorganic N (Calvert 2004) (Figure 5.17). 
The upper core sediment displays very low C:N values  (15-25) and are low in δ13C (-30‰ 

















 Isotopic Characteristics of a Catchment Soil 
Ridge soil samples show a decline in carbon and nitrogen concentration with depth (Figure 1, 
Appendix C). The percent carbon of the sandy soils on the ridge-crest declines from 3.55% at 
the surface to 1.03% at 0.2m, a slight increase is seen below this but remains generally low.  
Percent nitrogen at the surface is 0.13% and drops to 0.03% at 0.5m.  N% declines at a greater 
rate with depth than C%, indicated by the increasing C:N ratio with depth.   
Both δ15N and δ13C increase with depth.  δ15N values increase from 4.2‰ at the surface to 
7.5‰ at the soil/bedrock interface (5cm).  δ13C values generally increase from -26.48‰ near 
the surface to -25.69‰ at the soil/bedrock interface (0.5m).  Values increase just below the 
Figure 5.17 Scatter plots showing; A: δ15N vs C:N, B. δ13C vs C:N, C. %N vs %C and D. 




surface (at 7.5cm) before declining through the middle of the profile (17.7cm to 32.5cm) after 
which they increase again to bedrock (50cm). 
The C:N ratio shows a general increase with depth however, a peak occurs at 12.5cm where 
the ratio increases from 32.39 to 54.74 before declining to 39.16 (Figure 1, Appendix C).  
 Modern catchment Samples 
Possible sources of organic lake sediment were investigated using stable isotope data from 
modern vegetation, litter and soil samples for Thirlmere Lakes (Barber 2018; Forbes et al. 
unpublished data). 
Modern soil and litter samples from the lower catchment are clustered with low C:N values 
(16.2 - 25.4) and δ13C values  between -26.35‰ to -27.90‰ (Figure 5.18).  Conversely, ridge 
soil have greater variability in C:N values (Figure 5.18).  Carbon content of the vegetation 
samples (42.64 – 50.19%) is much higher compared to the lower catchment soil and litter 
samples (5.69 – 24.43%) (Table 3.1, Appendix C).  Nitrogen content was generally similar 
between the vegetation and lower catchment soil, resulting in much higher C:N values for the 
modern vegetation.  Plotting δ13C versus C:N shows the lower catchment soil and litter 






Figure 5.18. Carbon isotopes vs. carbon:nitrogen (C:N) ratio of lake core, ridge soil, lower catchment soil and litter samples. Modern vegetation is 
represented by values for sedge and Myrtaceae. Boxes denote value ranges for C3 plants (yellow) and freshwater algae (maroon) (values ranges 




5.3 Elemental Geochemistry and Sediment Provenance 
5.3.1 Elemental Geochemistry 
Micro-XRF (Itrax) data produced for the lake sediment (WB1 core) is presented in this section.  
Raw counts produced by the Itrax scanner were transformed using two methods in an 
attempt to improve the clarity and validity of the data.  As there a number of factors that can 
influence the counts of Itrax XRF data such as moisture content, core topography and organic 
content, results are presents as ratios which, at least in part, correct for these effects.  Scatter 
and bias associated with sample inhomogeneity and inadvertent elemental interactions was 
addressed using log ratio calibration (see Chapter 4).  Logged elemental ratios which had high 
correlation between Itrax (cps) and concentration (mg/Kg) were; Sr:Ca (R2 = 0.91), Si:Ti (R2 = 
0.69), Ca:Ti (R2 = 0.99), Fe:Ti (R2 = 0.88), Sr:Zr (R2 = 0.93) and Mn:Ti (R2 = 0.87) (Figure 1, 
Appendix D).  Where correlation between useful proxy elements was low, a replicate dataset 
was normalised to the ratio of molybdenum incoherent and coherent scattering (Mo Inc:Coh) 
to reduce the confounding effect of water and organic content. 
Data are presented as elemental ratios which are proxies of lacustrine processes including; 
erosion, evaporation/change in water level and redox conditions. 
 
Sediment Delivery and Catchment Erosion 
Ratios of Sr:Rb and Zr:Rb can be used to assess changes in detrital influx into a lake from the 
surrounding catchment (Davies et al. 2015).  Sr:Rb has been used as a proxy for changes in 
precipitation where high rainfall is associated with increased delivery of weathered material 
producing elevated Sr compared to Rb (Wu et al. 2012; Burrows et al. 2016).  In the Lake Werri 
Berri sediments, Sr:Rb shows several peaks of higher Sr abundance compared to Rb, the 
largest of which occurs at 2.3m (Figure 5.19).  Smaller peaks are also seen in the upper peat 
unit (0.5m), oxidised clay (2.75m) and in the lower core (3.5m and 4.7m). 
The ratio of Zr:Rb provides a proxy of change in grainsize (Kylander et al. 2011). Zr is associated 
with coarser grained material containing heavy minerals such as zircon which are very slow 
to weather.  Rb is more prevalent in finer grained material as it absorbs strongly to clay 




prevalence of coarse-grained material over clays.  Downcore Zr:Rb values in the lake sediment 
are relatively static with slight variations from 1.5m to 5m.  Several large peaks occur around 
1.5m and between 2.7m to 5m (Figure 5.19). 
 
Evaporation / Water level 
Ratios of Ca:Ti and Sr:Ti indicate increased precipitation in lacustrine environments, generally 
as a result of biogenic precipitation (Moreno et al. 2007; Litt et al. 2009).  Both normalised 
and log calibrated datasets show higher levels of Ca relative to Ti in the upper 2m of the core 
correlating with the upper unit of peat (Figure 5.19).  Below this Ca:Ti declines to the end of 
the core.  The log calibrated dataset shows greater variability of Ca:Ti in the lower core with 
several minor peaks at 3.1m and 3.7m, compared to the normalised data.   
Sr:Ti is slightly elevated in the upper 2m before a major peak at 2.3m, A further, smaller 
increase occurs at 4.6m for both datasets. 
The Sr:Ca ratio can indicate changes in salinity and is a proxy of evaporite precipitation.  As 
such, high values for Sr:Ca can indicate both changes in lake level (salinity) or precipitation of 
evaporites which would suggest dry lake conditions (Lui et al. 2014).   
Both datasets show generally low Sr:Ca values in the upper 1.8m of the core before an 
increase for the remainder of the core.  The log calibrated dataset shows a distinct peak at 
2.3m which is less clearly defined in the normalised dataset (Figure 5.19). 
 
Redox 
Redox conditions in lacustrine environments are affected by factors such as changes in water 
depth, rapid sediment influx and climatic drivers including rainfall, temperature and wind 
regime.  Mn reduces in preference to Fe under anoxic conditions causing the release of mobile 
Mn ions to the water column and a direct enrichment of Fe which remains in the sediment 
(Davies et al. 2015).  The ratio of Fe:Mn can therefore be used to infer reducing conditions in 
a lake.   The ratios of Fe:Ti and Mn:Ti are also indicators of reducing conditions due to the 




Both Mn:Ti and Fe:Ti in the lake sediment are highest in the upper section of the core before 
a distinct drop in values at 2m.  The Fe:Mn ratio shows high variability throughout the core 
with a concentration of peaks in the upper 2m. However, a slight decrease in overall values is 
present in the upper 1m of the core. (Figure 5.19).    Numerous peaks are seen in the upper 







  Sediment delivery and 
catchment erosion 
Figure 5.19. Downcore plots for log calibrated (A) and normalised (B) Itrax data.  Elemental ratios Sr:Ca, Ca:Ti and Sr:Ti are proxies of lake evaporation water level.  Sr:Rb and 
Zr:Rb are proxies of sediment delivery and catchment erosion.  Fe:Ti, Mn:Ti and Fe:Mn are proxies of redox condition. 
A B 
Evaporation & lake level Evaporation & lake level Redox condition Redox condition 
Loge Sr:Ca Loge Ca:Ti Loge Mn:Ti 
Loge Sr:Ti Loge Fe:Ti 
Sr:Rb 
Zr:Rb 





5.3.2 Sediment Provenance 
The mineralogical composition of the catchment lithology at Lake Werri Berri was determined 
using XRD analysis.  Samples of the oxidised clay from WB1 (at 2.75m) and equivalent material 
from WB3 (at 1.84m) were compared to samples of Hawkesbury Sandstone and Ashfield shale 
representing the catchment lithology.  This dataset was used to explore differences between 
catchment lithology and the potential provenance of the pale yellow clay found in the lake 
sediment (Figure 5.6 and Figure 5.12).  
Unsurprisingly higher quartz values were found in the Hawkesbury sandstone compared to 
the Ashfield shale (86.1% vs. 60.7%).  Higher illite and kaolinite was found in the shale (13% 
and 15.7% vs 3.3% and 8.4% respectively) while the alumino-silicate mineral, chloritoid, was 
only found in the shale (Figure 5.20). The pale yellow lake clays are more similar to the 
minerology of the shale than the sandstone.  That is, both the lake clays and shale have similar 
proportions of quartz and both contain a substantial amount of chloritoid as well as similar 






Figure 5.20. Mineralogical composition of Catchment lithology (Hawkesbury sandstone (A) and Ashfield 
shale (B)), oxidised clay from the lake sediment collected in WB1 core (C) and “kitty litter” from WB3 (D). 
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 Determining provenance using rare earth elements (REE) 
Conservatively behaving trace elements, including particular rare earth elements (REE), some 
major elements (e.g. Ti) and the high field strength elements (Marx and Kamber 2010) in 
sedimentary rocks and fine-grained sediment can also be used to delineate catchment source 
material. Element ratios such as Zr:Hf, Ta:Ti and La:Lu in lake sediment can be related to those 
in the catchment source material, providing insight into the relative contribution of one 
source over another to the lake through time (Marx and Kamber 2010). 
REE analysis using the quantitative chemical concentration dataset derived from NAA was 
performed on lake sediment, catchment lithology as well as the ridge soil and regolith (Figure 
5.21).  Overall these samples show quite a broad spread in La:Lu values but little variation in 
Zr:Hf. 
Similarly, in Zr:Hf versus Ta:Ti all three (sandstone, shale and ridge samples) plot in the same 
general space. The lake sediment samples also plot within these general arrays. However, one 
sample plots with a significantly higher Zr:Hf ratio, similarly a second lake sample displays 
lower La:Lu concentrations. It is also noteworthy that in the Ta:Ti space, the lake sediments 
plot to the left of the general sandstone/shale array.  An additional observation is that the 
ridge soil samples are lower than the ridge regolith in Zr:Hf and La:Lu but higher in Ta:Ti.    
 
  
Figure 5.21. REE ratios of Zr:HF plotted against La:Lu (A) and Zr:HF plotted against Ta:Ti (B) for lake 















5.4 Chapter Summary 
This chapter has shown substantial downcore variation in the sediment of Lake Werri Berri, 
with significant changes in grain size, organic content, texture and colour.  These changes are 
spatially consistent throughout the lake with similar changes occurring at comparative depths 
across all cores.  An exception to this is seen in the unusual ‘kitty litter’ material found only in 
the lake centre.    The provenance of the pale yellow clay found between ~2-2.5m depth in all 
lake cores is more closely related to Ashfield shale than the dominate catchment lithology, 
which is Hawkesbury sandstone.  Hillslope sediment characteristics show a relatively thin but 
highly weathered ridge soil providing coarse material and charcoal to the alluvial fan where it 






The primary focus of this thesis was to expand upon existing knowledge about the palaeo-
environment of the Thirlmere Lakes and provide insight into whether the recent drying at the 
lakes is unprecedented or if similar episodes have occurred during the Late Quaternary. 
Stratigraphic and elemental analysis indicates Lake Werri Berri has undergone substantial 
hydrological variability in the past.  This chapter will explore these results, firstly, by 
integrating the chronology, stratigraphy and elemental relationships of individual lake cores 
to provide a holistic picture of Lake Werri Berri.  The results of this study will then be 
compared to the stratigraphic and elemental analyses produced for Lake Couridjah and Lake 
Baraba.  Collectively this information will inform a paleao-environmental interpretation of the 
Lake Werri Berri and the wider Thirlmere record.  The results will also be discussed in the 





6.1 Werri Berri integrated stratigraphy 
The subsurface stratigraphy of Lake Werri Berri is generally uniform throughout the lake.  The 
sediment cores collected along the north to south transect across the lake floor follow a 
common sequence of peat, oxidised clay, organic mud bracketed by laminated sand and clay 
followed by a second distinct unit of oxidised clay.  While the overall stratigraphy through the 
lake follows a similar pattern, several differences between cores were observed. 
The lower peat and lower clay units in the lake centre (WB3) are much thinner than at the 
north (WB1) or south (WB4) (Figure 6.1).  WB3 is also the only core to contain the hard, blocky 
clay feature (‘kitty litter’).  There are similarities between this unit throughout the lake such 
as the corresponding clay in WB1 and WB4 also appearing blocky but, unlike the kitty litter, is 
very plastic and easily deformable. 
WB2 provides a record of the stratigraphy below that of the other lake cores.  While the upper 
7m broadly matches the stratigraphy seen in WB1, the thickness of the upper peat unit differs 
by approximately 0.5m.  The elevation of the lake floor changes by approximately 10cm 
between WB1 and WB2 which is not enough to explain this variance.  As such, the offset is 
likely due to the different core collection techniques (geoprobe vs. vibracore).  Two distinct 
units occur below the extent of the other lake cores, a 2.5m thick unit of dark brown silty clay 
is underlain by 3m pallid clay which becomes sandier downcore. 
The classification provided for each lacustrine stratigraphic unit in Figure 6.1 (e.g., L1, L2 etc) 





Figure 6.1.  Stratigraphic association of Lake Werri Berri core data presented in Chapter 5.  Cores are presented as “uncompacted” to provide a realistic 
representation of subsurface stratigraphy (see Chapter 4, section 4.2.2).  Radiocarbon ages produced in this study are shown at their respective depths. 
Stratigraphic units are numbered to the left of the diagram in accordance with the facies interpretations in section 6.4.  The stratigraphic offset seen in WB2 





The radiocarbon ages produced for Lake Werri Berri sediment show the basal age of the upper 
peats (L1) is similar across the lake (14-14.6ka cal BP) providing a reliable signal of when peat 
initiation began at the lake (Figure 6.1).  Lower lake sediments, such as those below L3, have 
a radiocarbon age greater than 47ka and are at (or beyond) the limit of this dating technique.  
As such, these ages have a high degree of uncertainty.  Despite the uncertainty of these ages, 
they are relatively synchronous, with all occurring at approximately the same depth 
throughout the three cores (Figure 6.1). 
Within the ages obtained for the northern lake sediment (WB1 core) were two age reversals, 
where material higher in the core returned an older age than material below: 
• In the upper peat unit (L1), charcoal and plant material occurring at 0.87m returned 
an age of 3690 - 3460 cal yr BP whereas plant material at 1.29m returned an age of 
1425 - 1300 cal yr BP (Chapter 5, Figure 5.2). 
• The second age reversal occurred at the transition between L1 (peat) and L2 (yellow 
clay).  Material at 2.18m produced an age of 14,650-14,080 cal yr BP and is overlying 
material at 2.3m with an age of 11,190-10,785 cal yr BP (Chapter 5, Figure 5.2). 
Mechanisms which may explain both reversals include the type of material taken for dating 
and lake processes.  The material which produced younger ages in both reversals was plant 
fragments.  Conversely, all other dates at comparative depths were produced from either a 
mix of plant material and charcoal or entirely from charcoal (Chapter 5, Table 5.1).  
Consequently, these younger ages may be a product of the type of material dated.  It is 
possible that the plant material was either in-situ root fragments from younger vegetation or 





6.2.1 Age-Depth Model 
The limited number of radiocarbon dated produced in this study provides a preliminary set of 
ages for the Werri Berri lake record.  While the dating provides valuable information as to the 
timing of upper sedimentological sequences, the lower sediments are currently 
unconstrained.  A more robust age-depth model has been developed using a sediment core 
collected from the centre of Lake Couridjah (LC2 core) which is the next lake to the south 
(Forbes et al. in prep.).  This age-depth model has been produced using a composite of nine 
radiocarbon and five optically stimulated luminescence ages.  
Figure 6.2 presents an overview of both the radiocarbon ages acquired for Lake Werri Berri in 
this study and the Lake Couridjah LC2 age-depth model.  The LC2 sediment core from which 
this model is derived, was collected with a minimal degree of compaction (8.8%) during 
sampling (Barber 2018).  The cores collected from Lake Werri Berri in this study experienced 
substantially greater compaction (16.5 to 41.7%).  In order to apply the LC2 age-depth model 
to the Werri Berri cores they were first adjusted for compaction to provide more accurate 
depths of subsurface stratigraphy (Chapter 4, section 4.2.2).  The uncompacted Werri Berri 
radiocarbon dates (orange and yellow points, Figure 6.2) approximately align with the age-
depth correlation for Lake Couridjah.   
The younger ages in the two reversals described above are indicated by red points on the age-
depth model (Figure 6.2).  Both points clearly underestimate the age of sediment at these 
depths and were excluded.  It must be acknowledged that the application of the LC2 age-
depth model to this study assumes similar deposition rates exist between Lake Couridjah and 
Lake Werri Berri which is unverified.  It also does not provide a true representation of age 
with depth in Lake Werri Berri as it is derived from a different, although very close, lake.  
Despite these limitations and for the purpose of this research report, given the Werri Berri 
radiocarbon ages generally agree with the LC2 model, it was decided to use this for the 
remainder of the discussion. The ages of stratigraphic units, as derived from the age-depth 
model, are presented in Table 6.1 and are used for the subsequent description of all 
stratigraphic units.  The two lowest units, L7 and L8 are beyond the range of the depth model, 
therefore no ages could be derived.   No dating was performed on the hillslope sediments, 







Table 6.1. Derived ages for the stratigraphic units within Lake Werri Beri based on the age-depth model 
in Figure 6.2.  Uncompacted core depths are used here (see Chapter 4, section 4.1.3).  (*) actual ages 
for the base of this unit are 14-14.6ka cal BP (see section 6.2 text). 
Facies 
Number 
Facies Description Uncompacted core 
Depth 
Approximate Age (k BP) 
L1 peat 0 - 2.25m 0 - 13.9 
L2 pale yellow clay 2.25-3.28m 13.9 - 22.5 
L3 organic mud 3.28 - 4.10m 22.5 - 42.5 
L4 interbedded sand and clay 4.10 - 5.41m 42.5 - 66.7 
L5 organic mud 5.41 - 6.26m 66.7 - 87.3 












Figure 6.2. Age – depth model produced for Lake Couridjah (LC2 core).  The radiocarbon ages 
produced for Lake Werri Berri are plotted in orange and yellow using uncompacted depths (see 
Chapter 4).  The two excluded radiocarbon samples (red dots) relate to the age reversals observed 





6.3.1 Charcoal as a proxy of sediment transport 
As macroscopic charcoal was used in this study, it can be assumed the primary mode of 
transport is by fluvial processes and not wind (Mooney and Tinner 2011).  Therefore, the main 
constraint on the lake charcoal record is fluvially delivered charcoal from the catchment to 
the lake.  As such, charcoal metrics produced in this study can be used as a proxy of sediment 
transport from the hillslope and delivery to the lake.   
The results of surface charcoal abundance and area quantification show a general decrease 
down the tributary until the upper alluvial fan where there is substantial increase (Figure 
5.14).  This suggests the alluvial fan is a store of charcoal as well as sediment.  Alternatively, 
it may be the result of greater in-situ charcoal production, with large amounts of branches 
and leaf litter observed around the apex and fanhead trench within the upper fan (see Figure 
5, Appendix F).  That is, assuming a lot of woody debris/organic materials are washed down 
the tributary and accumulate in the upper fan, these would provide greater fuel and therefore 
substantial amounts of charcoal when burnt.  The geometry of the tributary channel also 
changes at this point with a decrease in slope at the fan apex.  The decrease in slope suggests 
hydraulic transport energy decreases at this point, resulting in deposition of material which 
can no longer be carried by the tributary. 
The large peak in charcoal metrics at the upper alluvial fan would suggest charcoal along with 
sediment is temporarily stored at this point in the catchment (Chapter 5, Figure 5.15).  Under 
normal conditions the morphology of the alluvial fan (and colluvial apron) indicates sediment 
does not easily wash into the lake.  Vegetation and the associated plant debris on the fan 
increases surface roughness, the sandy soil found at these points of the catchment (Chapter 
5, Figure 5.11) promotes rapid infiltration of overland flows, thereby reducing the potential 
transport energy to move sediment (Shakesby et al. 2007).   
However, when a wildfire event is followed by intense rainfall, sediment transport regimes 
can be altered (Shakesby et al. 2007).  Evidence from Lake Werri Berri shows the northern 
section of lake experiences episodic pulses of sediment delivery from the fan which are likely 
related to a combination of wildfire and rain events.  Several peaks in charcoal abundance 




as inferred from the Zr:Rb elemental ratio, or both (highlighted grey in Figure 6.4).  These 
peaks in charcoal, corresponding with increased grainsize, are likely to be the result of 
terrestrial sediment influx after a wildfire event. 
Peaks which do not coincide with changes in grainsize metrics may suggest events where the 
lake floor and/or littoral vegetation has burnt but not resulted in a pulse of terrestrial 
sediment influx.  A modern analogue of this scenario is seen in the 2006 fire event at Thirlmere 
Lakes which burnt the peat and littoral sedge around a partially empty Lake Gandangarra 
(Figure 6.3). 
Small peaks in charcoal corresponding with an increase in grain size (highlighted yellow in 
Figure 6.4) may indicate storm events which have transported sediment from the fan and 
upper catchment into the lake without a fire event.  Alternatively, this may suggest greater 
occurrence of low intensity fire events which enable sediment mobilisation through removal 
of ground cover but do not produce much charcoal. 
The presence and frequency of pulse events seen in the Werri Berri record may indicate 
generally wetter conditions prevailing at the time of deposition with enhanced precipitation 
producing higher biomass density, greater fuel loads and increased sediment transport.  
 
 
Figure 6.3 Lake Gandangarra following the 2006 fire event showing the lake margin and floor alight.  






Figure 6.4. Correlation between peaks in particle size, grainsize proxy (Zr:Rb ratio), core appearance and charcoal abundance down core in WB1 
(from left to right).  Grey bars highlight peaks in charcoal abundance which concide with either a peak in sand sized particles or an increase in grainsize 
as inferred from the Zr:Rb ratio.  Yellow bars highlight peaks in charcoal abundance which do not appear to coincide with an increase in grainsize. 





6.4 Palaeo-environmental interpretation of facies across Thirlmere Lakes 
6.4.1 Hillslope sediment facies 
The 6.8m core collected from the lower fan section of the alluvial fan to the East of WB1 
contains alternating units of yellow sand and grey clay.  Of note is the 0.7m thick unit of black 
silty material seen at 3.25m and represents a departure from the surrounding sediments 
(Figure 6.5).  The coarse grained, yellow sandy units are likely to represent phases of alluvial 
fan building indicating enhanced delivery of catchment material.  Given that fluvial processes 
are the dominant transport mechanism of sediment delivery to the fan it seems likely these 
units were deposited during periods of increased precipitation.   
This core, however, shows a very contrasting lithological unit, the black silty material seen in 
the middle of this sequence, most likely representing deposition in a palustrine environment 
(marked with a star in Figure 6.5).  While data are limited for this unit, the sediment appears 
organic rich and, due to its preservation, presumed to have been deposited under 
waterlogged, and therefore anoxic conditions.  As the base of this unit is 5.1m above the 
current lake floor, it suggests water levels in the lake were very high at the time it was 
deposited, with a waterlogged palustrine zone extending up the alluvial fan. As no dating is 
currently available for this core, the exact timing of this unit cannot be directly determined.  
However, correlation with the lake sediments may provide an indirect indication as to the 
timing of this unit.  
 
Figure 6.5. Difference in height between lacustrine mud facies observed in the lower fan sediment and 


















6.4.2 A sedimentary sink at Lake Werri Berri: from source to lake facies 
The first lacustrine facies (L1 in Figure 6.1) consists of a peat unit with a basal age of 
approximately 13.9ka.  This facies is characterised by high %C and %N (Chapter 5, Figure 5.16), 
high Ca:Ti (Chapter 5, Figure 5.19) and high charcoal abundance (Chapter 5, Figure 5.13).  Fe:Ti 
and Mn:Ti are also high in the lower half of this facies suggesting anoxic conditions (Chapter 
5, Figure 5.19). In addition, δ13C and δ15N are depleted through this facies, signifying greater 
water availability for plants and a dominance of in lake production of organic matter (Chapter 
5, Figure 5.17). 
These results indicate the lake environment during deposition of L1 was productive and 
nutrient-rich allowing extensive growth of palustrine vegetation such as the giant grey sedge.  
The Fe:Ti and Mn:Ti values (Figure 5.19) indicate anoxic conditions allowing the accumulation 
and preservation of the peat.  High charcoal abundance suggests higher frequency of fire 
events during this period, implying either wet conditions producing more vegetation and 
therefore more fuel, higher rates of sediment delivery to the lake, or, more likely, a 
combination of the two (Shakesby et al. 2007).  An increase in biomass burning is also evident 
in the Lake Baraba charcoal record produced by Black et al. (2006).   
The equivalent facies is seen at Lake Couridjah and Lake Baraba. While at Lake Couridjah this 
wet phase started at 11.7ka (Barber 2018) and Lake Baraba at 8.9-10.3ka (Black et al. 2006; 
Allenby 2018), the onset at Lake Werri Berri dates back to 13.9ka.   
Facies L2 (Figure 6.1), consists of yellow clay.  The lack of charcoal in this facies suggest dry 
conditions, possibly due to suppressed vegetation growth, lack of transport to the lake or 
absence of fire.  Poor preservation of charcoal in the lake may also explain its absence through 
this facies.  
A high concentration of Sr (Figure 5.19) suggests intermitted drying and wetting of the lake 
floor (Lui et al. 2014).  This promotes surface concentration of highly soluble elements (i.e. Sr) 
via evaporative capillary action (Bowler 1986). In other words, when sufficient rain fall occurs 
to wet sediments but is insufficient to fill the lake, dissolved Sr mobilises into the subsurface 
water.   As the lake dries, soluble elements are drawn towards the surface. When the water 




and Oelkers 2011).  Repeated cycles of wetting and drying concentrate these elements within 
a relatively thin layer of sediment.  
An alternative explanation of higher Sr concentration in L2 may involve an increase in delivery 
of weathered material following a prolonged dry period. Low rainfall reduces the amount of 
material transported to the lake, resulting in a build-up of chemically weathered material on 
the hillslope and ridge.  When wetter conditions begin at the Holocene, this built up material 
is washed into the lake due to increased rainfall and transport energy.  
A decrease in %C and %N in L2 suggests low deposition rates of organic material (Figure 5.16). 
This coincides with higher ẟ13C and ẟ15N which indicates a switch from an in-lake to terrestrial 
source of organic material (Nelson et al. 2016).  Both suggest dry conditions, where a low lake 
level could not support aquatic vegetation, nor provide anoxic conditions required to 
preserve organic remains.   
XRD analysis was undertaken to examine temporal variation in the long term supply of 
sediment to the lake.  From this analysis these preliminary points can be made: 
• The alumino-silicate mineral, Chloritoid, was found in lake facies L2, both in the centre 
and northern lake sediments, suggesting it is a lake-wide phenomenon.  
• Presence of chloritoid suggests the source material of L2 is more similar to Ashfield 
shale than Hawkesbury sandstone (Chapter 5, Figure 5.20). 
•  Ashfield shale no longer appears in the catchment but would have overlain the 
Hawkesbury sandstone and has subsequently eroded away. 
• As Hawkesbury sandstone is the primary lithological unit in the modern catchment 
and provides the main components of other sediments in the lake, this could signify a 
shift in source material during the deposition of L2.  
While the minerogenic components (i.e. presence of Chloritoid) are similar in L2 throughout 
the lake, a morphological distinct feature (previously referred to as ‘kitty litter’) appears only 
in the lake centre.  The unique morphology suggests a difference in the depositional or post-
depositional processes occurring in the centre compared to the north and south of the lake. 




At Lake Baraba a sandy clay unit at the lake centre and on the lake margin (Allenby 2018) may 
correspond to L2 in Lake Werri Berri.  Lake Couridjah also contains an oxidised clay facies with 
low %C and %N content and a similar peak in Sr concentrations (Barber 2019), although the 
comparison remains limited due to the use of uncalibrated Itrax data in that study.  
Nevertheless, evidence at all three lakes points at a significantly dryer environment; at Lake 
Werri Berri this phase occurred between 13.9ka and 22.5ka but the timing at the other lakes 
is less clear due to the limited chronology available for the other lakes.  
Two organic mud facies (L3 and L5 in Figure 6.1) coincide with sudden peaks in charcoal 
abundance and grainsize (Figure 6.4).  Small increases in %C and %N all suggest an increase in 
organic material, consistent with the charcoal peaks.  Low ẟ15N values in these facies are 
comparative to the peat signal in L1.  
The high organic content, element ratios and isotopic values within these facies infer wet 
conditions with high charcoal production and subsequent transport to the lake.  More 
specifically, there are peaks in charcoal abundance coinciding with either coarse grained sand 
lenses in the lake sediment or an increase in grainsize inferred from Zr:Rb (Figure 6.4).  This 
could be the result of an increase in the occurrence of pulse events producing terrestrial 
sediment influx after a wildfire (e.g. Shakesby et al. 2007).   
Organic mud facies at lake Couridjah (LC L4 and LC L6) reflect a similar palustrine 
environment.  In addition to increased %C, %N and C:N, also observed at Lake Werri Berri 
(Figure 5.18), Barber (2018) recorded an increase in Fe:Mn, which indicates anoxic conditions 
further supporting the existence of a palustrine environment.  
Facies L4 can be clearly be identified through recurring grain size changes coinciding with 
shifts in Zr:Rb (Figure 6.4).  Although a few small peaks in charcoal occur in this facies, overall 
abundance is low.  At Lake Couridjah a similar facies of interbedded sand and clay has also 
been observed (Barber 2018). 
The alternating clay and sand layers suggest phases of increased delivery of catchment 
material implying reduced vegetation cover at this time.  This would allow greater transport 
of hillslope sediment.  Low charcoal suggests either less production or reduced transport of 




fluctuating conditions, the absence of peat suggests that throughout this facies lake levels 
must have remained too deep for rooted swamp plants (Robbie and Martin 2007).  
Facies L6 (Figure 6.1) is characterised by an abrupt change from black, organic rich silt to a 
pallid yellow sandy clay.  A small peak in Sr:Ca suggests increasing salinity or enhanced 
evaporite formation indicating dry conditions at this time.  An equivalent facies is seen in Lake 





6.5 Palaeo-environmental interpretation and links to Southeast Australia 
Southeast Australia has experienced climate oscillations throughout the Late Quaternary.  
These climate oscillations broadly correlate to the global record of marine isotope 
stages (MIS).  Thirlmere Lakes contains a uniquely extensive lacustrine record.  The study of 
Lake Werri Berri sediments has provided a proxy for terrestrial environmental change in 
Southeast Australia.  Combined with an improved model of age-depth relationship, the new 
record allows further and more detailed correlation to the MIS climatic changes in Southeast 
Australia.   
6.5.1 Before the LGM: 94.5ka to 22.5ka  
Applying the age-depth model discussed in section 6.2.1, sediments at 6.61m (uncompacted) 
in the Lake Werri Berri record have an age of ~95ka.  This age corresponds with lacustrine 
facies L6 and suggests the sediment below in L7 and L8 are older, possibly extending into the 
interglacial maximum (MIS5e) and potentially beyond (Figure 6.1).  Facies L7 and L8 are 
beyond the range of the depth model, therefore no reliable interpretation can be made.  
Some general climatic trends from MIS5 to the Holocene are reflected in the environments 
inferred from the Lake Werri Berri record.  
Dry conditions, with a decrease in moisture availability, are indicated during late MIS5 at 
Thirlmere Lakes (L6 at Lake Werri Berri). Although this does not line up with the general 
interglacial climate of MIS5, the timing of dry conditions seen in the Thirlmere record (94.5 - 
87.3ka) corresponds with a decrease in Southern Ocean sea surface temperatures during 
MIS5b (Barrows et al. 2007), which may have produced a climatic shift to a cooler and dryer 
terrestrial environment.  Low organic material and low charcoal abundance similar to those 
of L6 at Werri Berri are observed at Caledonia Fen between 95 - 81ka (Kershaw et al. 2007).  
The modelled age of 87.3ka - 66.7ka of an organic mud facies seen across Thirlmere Lakes (L5 
at Werri Berri) places this deposition in MIS5a and into MIS4.  A palustrine environment in 
which biomass burning was frequent is seen at Thirlmere Lakes suggesting greater moisture 
availability at this time.  Evidence of wet conditions at the final stage of the MIS5 interglacial 
is seen around Australia with Lake Gregory and Lake Frome recording high lake levels (Bowler 




Deep but fluctuating lake levels at Thirlmere Lakes (L4 at Werri Berri) between 66.7ka and 
42.5ka likely represent the early to mid MIS3.  This interglacial is marked by peaks in effective 
precipitation in inland lakes and fluvial environments in Australia (Bowler et al. 2001; Kershaw 
and Nanson 1993; Magee et al. 2004).  The deep lake conditions in the Thirlmere record 
during MIS3 may be a result of lower evaporation rates due to a cooler climate rather than 
higher precipitation, also noted by Black et al. (2006).  This may be supported by cooler and 
variable SST (Barrows et al. 2007; Lisiecki and Raymo 2005) (Figure 6.6).  
The organic rich unit (L3 at Werri Berri) with a modelled age of 42.5 - 22.5ka, suggests the 
transition from MIS3 to MIS2 was marked by a shallowing of the lakes, producing swampy 
conditions and promoting the accumulation of dead macrophytes under anoxic conditions.  
High charcoal abundance seen in Lake Werri Berri fits this picture, as wet environments, such 
as those in interglacials, provide more fuel for biomass burning (Daniau et al. 2010).  However, 
evidence of greater biomass burning is absent from the Lake Couridjah charcoal record 
despite exhibiting a similar swampy environment (Barber 2018) (Figure 6.6).  This could be 
explained by the different locations of the cores that were studied for charcoal abundance in 
each lake. WB1 was collected close to the alluvial fan of Lake Werri Berri, a natural spot for 
catchment material to end up.  In contrast, LC2 was collected from the centre of Lake 
Couridjah, and therefore less prone to gathering catchment material. Therefore, potential 
pulse events of terrestrial sediment influx after a wildfire would be reflected in WB1 but not 
LC2. The wet conditions at Thirlmere Lakes are part of a pattern occurring in lake 
environments across Southeast Australia between 30 and 24ka (Black et al. 2006).  While 
some studies record cooler temperatures in this moist climate (Allan and Lindesay 1998; 
Pickett et al. 2004), for example at the nearby Penrith lakes (Chalson and Martin 2008), 





6.5.2 The LGM into the Holocene: 22.5ka to present 
Lake environments during LGM have been recorded at multiple sites in Southeast Australia, 
including in close proximity to Thirlmere Lakes, and show a widespread pattern of extremely 
dry and cold environments (Williams et al. 2006) with low biomass burning (Mooney et al. 
2011). Pollen analysis at Penrith Lakes indicates a cold, arid climate between 27-16ka, 
dominated by grasses (Chalson and Martin 2008).  Further north, at Redhead Lagoon, an 
increased salinity and lowest water level in the record are observed during the LGM (Williams 
et al. 2006). A dry phase at Thirlmere Lakes (L2) with a modelled age of 22.5-13.9ka 
corresponds to the LGM and into the early deglacial (Figure 6.6).  
The Late deglacial and onset of the Holocene in Australia is characterised by an abrupt change 
to a climate which was wetter than the preceding time period (Allan and Lindesay 1998, 
Pickett et al. 2004).  At Thirlmere Lakes the Holocene is reflected by generally continuous 
deposition of peat indicating a stable, swampy environment.  The chronology available for the 
Thirlmere Lakes record shows age of peat initiation differs per lake.  Lake Werri Berri was the 
first to start producing peat at 13.9ka; Lake Couridjah appears to have started more than two 
thousand years later (11.7ka) and Lake Baraba even later at 10.3-8.9ka.  This may reflect 
differences between lake morphology: Lake Werri Berri has the largest lake area but the 
smallest catchment size of all the lakes at Thirlmere and it therefore is likely to respond to 
climatic changes most rapidly. Alternatively, it could be the result of the limitations in the 
current chronology and emphasizes the need for a robust age model for each lake.   
Charcoal abundances at Lake Werri Berri and Lake Baraba show increased biomass burning in 
the Holocene with a peak in both lakes occurring in the mid Holocene (Figure 6.6). Lake 
Couridjah shows an increase in charcoal abundance during the early Holocene but low 
abundance throughout the remainder of the Holocene (Figure 6.6).   Elsewhere in Southeast 
Australia charcoal abundance increases during this time suggesting a rise in available biomass 
and fuel load as a result of climate amelioration (Black et al. 2006; Black et al. 2008; Muller et 





Figure 6.6 Comparison of Marine Isotope Stages (Lisiecki and Raymo 2005), sediment facies at Lake Werri Berri (WB1 core) and charcoal abundance for Lake 
Werri Berri (this study), Lake Couridjah (Constantine et al. in prep.)  and Lake Baraba (Black et al. 2006) (left to right).  The red box highlights the timing of the 





7.1 Main findings 
This study aimed to investigate the past hydrological variability and palaeo-environment of 
Lake Werri Berri to determine whether recent drying at the lakes is unprecedented or if 
similar episodes have occurred in the past.  This was achieved through examination of 
physical, geochemical and isotopic characteristics of both lacustrine and catchment 
sediments of Lake Werri Berri.  The sedimentary characteristics and stratigraphic relationships 
between Lake Werri Berri, Lake Couridjah and lake Baraba were also examined to provide a 
holistic picture of the palaeo-environmental evolution of the Thirlmere Lakes system.   
When viewed across a coarse chronological resolution, the lakes have undergone significant 
hydrological change and have experienced several prolonged dry periods over the last ~100ka 
(MIS5a to the present).  The dry phases seen at Lake Werri Berri and more widely at Thirlmere 
Lakes broadly correspond to glacial periods and was most likely much more severe than the 
historical drying seen within the last two decades.  However, within the context of the current 
drying seen at the lakes, sedimentological evidence from Lake Werri Berri does not provide 
sufficient resolution to determine if sub-millennial dry phases have occurred outside those 
seen during glacial periods.  There is some evidence from Lake Couridjah which suggests the 
lake dried during the Late Holocene (~3ka) but this is not evident in Lake Werri Berri. 
A secondary aim of this study was to explore how environmental archives are produced at 
Thirlmere Lakes from the source (ridge crest and hillslope) to the sink (lake floor), providing 
greater context for palaeoclimate interpretations.  
Investigation of the mineralogical, elemental and isotopic fate of both catchment and 
lacustrine material indicated a possible change in source material from Hawkesbury 
sandstone to Ashfield shale during the LGM.  Biogenic inputs to the lake suggest a switch from 
a dominance of terrestrial inputs to in-lake production at the Holocene.  Examination of 
charcoal evidence at Thirlmere was also used to inform both the interpretation of past climate 
and as a proxy for sediment transport from the catchment to the lake.  Results show 
catchment sediment is temporarily stored in the upper alluvial fan with sporadic pulse events 
during periods of high wildfire and storm activity liberating this stored material and 




7.2 Limitations and Recommendations 
The main limitation of this study was the lack of chronological control for the lower Lake Werri 
Berri sediments. While the timing of peat deposition in Werri Berri is fairly well-constrained, 
material below this was found to be at the limit of radiocarbon dating. The age-depth model 
applied to Werri Berri in this study to interpret the environmental record was originally 
developed for Lake Couridjah.  Due to the different nature and morphology of the two lakes, 
applying an age-depth model from one to the other limits the value of the chronological 
inferences.  Moreover, the age-depth model developed for Lake Couridjah is limited to the 
last ~100ka, excluding the lowest 7 meters of the WB2 core as this is beyond the extent for 
the model.  
At Lake Werri Berri the age control needs to be improved by exploring the potential 
application of other dating methods suitable for these lower sediments. Additional 
radiocarbon dates which further constrain the timing of more recent sediments are also 
required.  With an improved chronological framework, a robust age-depth model can be 
created specifically for Lake Werri Berri.  
No chronology was produced for the alluvial fan sediments, limiting their interpretation.  A 
recommendation is to produce chronology for the alluvial fan sediments so these can be 
linked with the timing of palaeo-environmental change seen in the lake. 
Further exploration of the spatial variation, geochemistry and nature of the morphological 
distinct ‘kitty litter’ feature is an additional area for research.  While this sedimentary unit 
was found throughout the lake, the unusual ‘kitty litter’ was only found in the centre.  This 
coincided with a substantial thickening of the unit.  The factors which have produced this 
material were outside the scope of this study and could not be determined.  A greater 
understanding of the processes which have let to this unusual feature would provide greater 
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Appendix A – Core Descriptions 
Appendix A contains full descriptions and supplementary grainsize data for WB1, WB3 and 
WB4 lake cores. 
WB1 Description 
 




0 – 1.9m 
The upper 1.9m of WB1 consists of very dark brown to black homogenous peat material 
containing numerous macrophyte and root fragments in the upper 0.7m and becoming more 
humified with increasing depth.  Grainsize values indicate silt is the primary size fraction (64%) 
and the particle size distribution is unimodal (Figure 2).  Bulk density of this upper portion of 
the core is low with values between 127 – 150kg/m3. 
 
 





































1.9 - 2.36m 
At 1.9m there is a gradual transition from very dark brown to light yellowy brown, silty 
material becoming more clayey downcore.  Charcoal fragments are observed between 2.04-
2.25 with a distinct charcoal rich band at 2.14m which is 4mm thick. Grainsize data shows an 
increase in sand sized material (40%) with a bimodal distribution with peaks at 11μm and 









































2.36 – 2.88m 
A gradual transition occurs at 2.36m to pallid yellow clay with a plastic and easily deformable 
blocky texture (blocks are approximately 1-7mm wide increasing in size and frequency 
downcore to a maximum of 1cm wide around the bottom of the unit at 2.88m.  Grainsize 
shows a clayey sand composition with a bimodal distribution and major modes at 35μm and 





Figure 4 Particle size distribution and photograph of WB1 at 2.55m 
 
2.88 – 3.32m 
A sharp transition occurs at 2.88m to dark brown silty clay becoming sandier down core and 
ending in well sorted, clayey sand at 3.32m.  Bands of charcoal stained material occur at 2.9m, 
3.03m, 3.12m, 3.19m.  Distinct bands of medium to coarse grained sand occur at 3m and 
3.21m, each of which are approximately 2cm thick. An increase in bulk density reflects the 
increasing sand component with bulk density values between 1212 and 1644 kg/m3 through 




















3.32 – 4.46m 
Between 3.32 to 4.46m the sediment is light brown, sandy clay with charcoal fragments 
present throughout. The sand fraction is poorly sorted with medium to pebble sized grains.  
Some clasts up to 10mm diameter were observed.  Clay interbeds were recorded at 3.82, 
3.96, 4.03 and 4.12-4.21m which contained almost no sand compared to the surrounding 
sediment.  A transition to dark brown clay with numerous charcoal fragments occurs between 
4.29 – 4.41m before a resumption of the light brown sandy clay from 4.41-4.5m.  Grain size 
data shows a predominance of sand size particles with values between 56-84%.  The clay 
interbeds show a high proportion of clay and silt size particles with values of 30% and 60% 
respectively. Particle distribution illustrates this bimodal composition with major modes at 







































4.5 – 5.22m 
At 4.5m the core sediment gradually transitions to very dark brown, organic rich clay material 
with charcoal stained, clayey to medium sand interbeds at 4.55 (1cm thick) and 4.82m (5cm 
thick). Numerous thinner sandy interbeds are also seen throughout this unit.  The grainsize is 
predominately clay and silt sized (30% and 45% respectively).  The particle distribution is 
bimodal with peaks at 7μm and 500μm due to the influence of sandy interbeds throughout 










































5.22 – 5.46m 
From 5.22 the core gradually transitions to pallid yellow clay which becomes lighter down 
core. Thin bands of dark brown material are seen throughout this unit.  Particle distribution 
is trimodal with major modes at 2.9μm, 18μm and 320μm (Figure 7).  Bulk density through 



















































0 – 1.06m 
The uppermost 1.06m of the core contains very dark brown to black homogenous peat 
material containing numerous macrophyte and root fragments.  Minerogenic material is 
primarily silt sized (60-75%) with a mean particle size of 11μm and unimodal distribution. Bulk 









































1.06 – 1.63m 
There is a gradual transition at 1.06m to dark brown silty, organic material.  This unit is 
saturated and has a very gelatinous consistency.  The sediment has a blocky texture between 
1.06-1.22m with blocks up to 4cm long.  The blocks are very soft and easily deformed.  The 
sediment becomes lighter brown and more clayey down core, ending in brown silty clay with 
yellowy brown mottles present at 1.5m.  Particle distribution is bimodal with a major mode 
at 9μm and a minor mode at 292μm and a mean of 10μm.  Bulky density increases from 
242kg/m3 at the top of the unit to 702kg/m3 at the bottom. 
 
 
Figure 10 Particle size distribution of WB3 at 1.49m 
 
1.63 – 2.28m 
At 1.63m the sediment gradually transitions to extremely hard, beige to pallid coloured clayey 
silt.  The texture is very blocky and resembles very angular gravel, with distinct fragments 
approximately 2mm to 40mm wide.  Slight mottling occurs between 1.79 - 1.88m 
(approximately 3%) with very bright red mottles.  A black, possibly charcoal stained band 
occurs at 1.94m.  Grainsize was determined for the constituent components of the gravelly 
material as the individual fragments were too large to analyse directly.  This was achieved by 
drying, then carefully crushing the material prior to hydrogen peroxide digestion.  Grainsize 




































followed by sand then clay (48%, 31% and 21% respectively).  Particle distribution is skewed 
to silt and clay but also contains a mode at 324μm indicating medium sand.  While care was 
taken during preparation and analysis it is possible the sand sized fraction seen in the data 
may be clay aggregates which survived crushing.  Bulk density returned values between 629 










































2.28 – 2.4m 
From 2.28-2.4m the sediment transitions to mottled light brown clayey silt with a blocky 
texture (blocks ≤ 2mm wide). Some bright orange to red mottling is seen in this unit at 2.31m.  




Figure 12 photograph of WB3 at 2.4m 
 
 
2.4 – 2.7m 
At 2.4m there is a sharp transition to dark brown silty material becoming wetter down core, 
ending at saturation. This unit becomes more clayey with higher density down core (959kg/m3 
to 1220kg/m3).  A black, possibly charcoal stained band occurs at 2.42m. A yellow band of clay 
is present at 2.59m. 
 
2.7m – 4.28m 
A very sharp transition occurs at 2.7m to moist pallid to grey clay.  The sediment becomes 
sandier down core until 3.4m before a sharp transition to clay.  A band of clay with a blocky 
texture appears at 3.19 – 3.4m with a bulk density of 574kg/m3 to 626kg/m3.  Blocks are 
plastic and range in size from 3-4mm wide becoming up to 40mm wide at the bottom of the 











4.28 – 4.36m 
At 4.28m there is a gradual transition to brown organic clay with fragments of charcoal 











































The upper 0.42m of WB4 is comprised of very dark brown to black peat with numerous plant 
fragments throughout the unit.  Grainsize is predominantly silt (80%) with a mean size of 
11.5μm. Bulk density is between 115 – 123 kg/m3. 
At 0.42m the sediment transitions to brown, saturated fine silty clay with a mean grainsize of 
15μm. There is an increase in sand sized particles (15%) but is still primary silt (57%).  Bulk 
density increases to 739kg/m3 
Below 0.56m, there is a gradual transition to yellowy beige clay with a mean grain size of 
7.5μm.  The clay becomes more cohesive and blocky downcore with coarse pebble sized 
fragments (10-12mm wide) occurring at 1.64-2.05m.  A gradual transition to massive clay 
occurs at 2.05 to 2.13m at the bottom of this unit.   
Note: between 0.88 to 1.2m contains undifferentiated very dark brown spoil material which 
occurred during core collection. 
At 2.13m there is a very sharp transition to dark brown clayey silt with a mean grainsize of 
8.5μm.  This unit contains numerous charcoal fragments. 
Between 2.26 to 2.85m the sediment is medium brown clayey sand with a mean grainsize of 
23μm and a bimodal distribution.  Peaks in distribution occur at 12.5μm and 363μm. A distinct 
coarse sand layer occurs at 2.76m. 
Below 2.85m there is a sharp transition to dark brown salty clay.  Charcoal rich bands occur 
at 2.89m and 2.91m, with coarse sand layers between 2.90m and 2.92m.  A distinct, black, 
highly organic layer occurs at 3.27- 3.31m.  

































Correlation between charcoal abundance and area metrics
Figure 1 Correlation between down core charcoal area and abundance for WB1 core.  R2 = 0.88 




Appendix C - Supplementary Stable Isotope Data 
Supplementary stable isotope data produced from this and complementary studies on 
















Table 1 Stable isotope data for ridge soil samples. 
 
 
Table 2 Stable isotope data for catchment vegetation samples collected at Thirlmere Lakes.  
 
Code Depth 𝛿15N 𝛿15N error 𝛿13C 𝛿13C error % N % N.error % C % C error C:N
 WBRC_0-5 2.5 3.82 0.11 -26.48 0.58 0.13 0.01 3.55 0.15 32.39
 WBRC_5-10 7.5 5.81 0.11 -26.01 0.58 0.08 0.01 3.12 0.13 46.23
 WBRC_10-15 12.5 4.40 0.18 -26.34 0.73 0.05 0.00 2.60 0.12 54.74
 WBRC_15-20 17.5 5.83 0.18 -26.93 0.73 0.05 0.00 1.94 0.09 45.49
 WBRC_20-25 22.5 6.74 0.18 -26.96 0.73 0.03 0.00 1.03 0.05 39.16
 WBRC_30-35 32.5 5.41 0.18 -27.15 0.73 0.03 0.00 1.34 0.06 47.06
 WBRC_50 50 7.28 0.18 -25.69 0.73 0.03 0.00 1.64 0.07 60.59
Reference Code Name Common Name Family Type Sample d15N d13C TC TN C/N
Barber et al. 2018  V1 Lepidosperma Longitudinale pithy sword sedge Cyperaceae Sedge leaves 4.39 -29.20 44.18 0.97 52.85
Barber et al. 2018  V3 Lepidosperma Longitudinale pithy sword sedge Cyperaceae Sedge leaves 3.42 -27.69 42.64 0.98 50.82
Forbes 2019 V6a Lepironia Articulata Grey Sedge Cyperaceae Grey Sedge roots -1.28 -24.72 46.08 1.10 42.00
Forbes 2019 V6a Lepironia Articulata Grey Sedge Cyperaceae Grey Sedge roots -0.53 -24.96 46.13 0.97 47.76
Barber et al. 2018  V6 Lepironia Articulata Grey Sedge Cyperaceae Grey Sedge leaves 3.35 -25.80 42.90 1.26 39.78
Barber et al. 2018  V2 Melaleuca Linariifolia paperbark Myrtaceae Tree leaves -0.25 -29.33 49.05 0.97 59.12
Barber et al. 2018  V4 Melaleuca Linariifolia paperbark Myrtaceae Tree leaves -1.42 -31.45 48.76 1.45 39.16
Barber et al. 2018  V5 Acacia Longifolia wattle Fabaceae Tree Leaves -1.78 -31.34 50.19 2.37 24.73
Black et al. 2016  V7 Eucalyptus piperita Sydney peppermint Myrtaceae Tree Bark -2.86 -26.82 42.81 0.58 85.52
Black et al. 2016  V8 Corymbia gummifera Red Bloodwood Myrtaceae Tree Bark -6.90 -25.85 43.69 0.47 107.57
Forbes 2018 V8a Corymbia gummifera Red Bloodwood Myrtaceae Tree Char Bark -4.48 -26.37 57.75 0.94 71.52
Forbes 2019 V15 Banksia Serrata Banksia Proteaceae Tree Leaves -4.89 -31.28 43.41 0.58 87.41
Forbes 2019 V15 Banksia Serrata Banksia Proteaceae Tree bark -6.27 -28.31 42.94 0.27 186.77
Forbes 2018 V15 Banksia Serrata Banksia Proteaceae Tree Char Bark -10.02 -28.63 52.66 0.34 178.10














Reference Code sample Name Type Family d15N d13C TC TN C/N
Barber et al. 2018  S1 Soil Lepidosperma Longitudinale Cyperaceae 3.06 -27.32 16.41 1.04 18.40
Barber et al. 2018  S3 Soil Lepidosperma Longitudinale Cyperaceae 1.61 -27.90 15.08 0.99 17.81
Barber et al. 2018  S6 Soil Lepironia Articulata Cyperaceae 1.06 -28.52 24.43 1.54 18.54
Barber et al. 2018  S2 Soil Melaleuca Linariifolia Myrtaceae 1.27 -26.35 15.00 1.08 16.23
Barber et al. 2018  S4 Soil Melaleuca Linariifolia Tree Myrtaceae -0.04 -27.48 5.69 0.26 25.40
Barber et al. 2018  S5 Soil Acacia Longifolia Fabaceae 1.77 -27.72 15.04 1.07 16.35
Barber et al. 2018  SS1 Litter Mix Long and Linar Cyper/Myrtaceae 2.55 -26.34 11.59 0.98 13.79
Barber et al. 2018  SS2 Litter Lepidosperma Longitudinale Cyperaceae 3.37 -27.18 12.50 0.99 14.73
Barber et al. 2018  SS4 Litter Lepironia Articulata Cyperaceae 1.16 -28.76 23.53 1.44 19.06
Barber et al. 2018  SS3 Litter Acacia longifolia Fabaceae 1.97 -27.00 8.00 0.43 21.80
Forbes 2018 V19 Litter Eucalyptus piperita Tree Myrtaceae -2.50 -28.98 42.73 0.67 73.92
Forbes 2018 V20 Litter Bulk Mix Mix -2.29 -28.46 30.62 0.95 37.40
Forbes 2018 V21 Litter Bulk Mix Mix -3.19 -28.59 13.90 0.34 48.35




Appendix D – Supplementary Itrax micro-XRF Data 
Correlation Plots of elemental ratios derived from Itrax micro-XRF and Neutron Activation Analysis 
 
 
Figure 1 Itrax (cps) vs. NAA (mg/Kg) correlation plots of logged elemental ratios; Sr:Ca (R2 = 0.91), Si:Ti (R2 = 0.69), 






















Sr:Ca Sr:Zr Sr:Ti 




Appendix E - Supplementary XRD Data 
Results of XRD analysis highlighting the minerogenic similarity within Hawkesbury sandstone samples and 
Ashfield shale samples. 
 
Figure 1 minerogenic similarity within Hawkesbury sandstone and Ashfield shale samples 




Appendix F – Upper Alluvial Fan and Tributary Photographs 
This appendix contains site photographs of the ephemeral tributary featured in this study.  Each photograph 
corresponds to the location of surface sample collection and corresponds to Figure 4.1 in the methods 
chapter of the main report. 
 
Figure 1 The top of the ephemeral side tributary to the east of Lake Werri Berri and the location of WBT1 surface 
sample.  Photograph looks northwest towards the lake. 
 
 
Figure 2 Upper tributary at WBT2 surface sample.  Red dotted line highlights the channel shape at this point along 





Figure 3 Mid tributary at WBT4 surface sample.  Red dotted line highlights the channel shape at this point along the 
tributary. Photograph looks west towards the lake. 
 
 
Figure 4 Lower tributary at the transition between hillslope and alluvial fan.  Note the scoured chute in the 
Hawkesbury sandstone bedrock at this point and the large sandstone blocks armouring the fanhead trench.  




















Boundary between cliff 
line and upper fan 
Figure 5 Photograph of the upper alluvial fan to the east of Lake Werri Berri.  Note the substantial accumulation of woody debris which has 
been washed down the tributary and deposited at this point.  Photograph looks east, away from Lake Werri Berri. 
